City University of New York (CUNY)

CUNY Academic Works
Dissertations, Theses, and Capstone Projects

CUNY Graduate Center

10-2014

Nuclear Magnetic Resonance Studies on Lithium and Sodium
Electrode Materials for Rechargeable Batteries
Tetiana Nosach
Graduate Center, City University of New York

How does access to this work benefit you? Let us know!
More information about this work at: https://academicworks.cuny.edu/gc_etds/327
Discover additional works at: https://academicworks.cuny.edu
This work is made publicly available by the City University of New York (CUNY).
Contact: AcademicWorks@cuny.edu

Nuclear Magnetic Resonance Studies on
Lithium and Sodium Electrode Materials for
Rechargeable Batteries
by
Tetiana Nosach

A dissertation submitted to the Graduate Faculty in Physics in partial fulfillment of the
requirements for the degree of Doctor of Philosophy, The City University of New York
2014

2014
Tetiana Nosach
All Rights Reserved

ii

This manuscript has been read and accepted for the Graduate Faculty in Physics
in satisfaction of the dissertation requirement for the degree of Doctor of Philosophy

Prof. Steve G. Greenbaum

May 1, 2014
Date

Chair of Examining Committee

Prof. Steve G. Greenbaum

May 1, 2014
Date

Executive Officer

Prof. Sophia N. Suarez

Prof. Neepa T. Maitra

Prof. Hyungsik Lim

Dr. Thomas B. Reddy

THE CITY UNIVERSITY OF NEW YORK

iii

Abstract

Nuclear Magnetic Resonance Studies on Lithium and Sodium
Electrode Materials for Rechargeable Batteries

by
Tetiana Nosach

Advisor: Prof. Steve G. Greenbaum

In this thesis, Nuclear Magnetic Resonance (NMR) spectroscopic techniques are used to
study lithium and sodium electrode materials for advanced rechargeable batteries. Three projects
are described in this thesis. The first two projects involve 6Li, 7Li and

31

P NMR studies of two

cathode materials for advanced rechargeable batteries. The third project is a study of sodium
titanate cathode materials for Na-ion batteries, where 1H, 7Li, and

23

Na static and magic angle

spinning NMR were used in order to obtain detailed information on the chemical environments.
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Nuclear Magnetic Resonance Studies on Lithium and Sodium Electrode Materials
for Rechargeable Batteries

Introduction
Access to clean, affordable and reliable energy is the essential concern for our industrial
civilization today. The growth in world population from 7 billion today to 9 billion by 2050 will
place additional demands on the energy supply. It is projected by the International Energy Agency
(IEA) that the world’s energy demand will increase from about 12 billion tonne oil equivalents
(t.o.e.) in 2009 to between 17 and 18 billion t.o.e. by 2035. This increase in energy demand will
increase carbon-dioxide emissions from 29 gigatonnes per year to between 36-43Gtyr-1 under the
current policies.[1] It is crucial for us to efficiently and effectively improve existing sources as
well as find new sources of energy.
Energy storage devices such as batteries, fuel cells, and capacitors (especially
supercapacitors) are the key. They will be used for the next generation of all-electric cars, in
addition to storage and managing renewable/intermittent energy sources (i.e. solar and wind). This
will substantially minimize air pollution and global climate change. New compact power sources
are also required for increasing demands of personal communication devices, medical, and
military/aerospace applications. As devices become more sophisticated, the development of their
power sources – in terms of mechanical constraints, electrical needs, etc. – becomes increasingly
important.
The main challenges of battery systems are performance and cost. The performance is
quantified by usable energy density, power density (including fast charging), cycle lifetime and
robustness. In the past 5–6 years, remarkable progress in research has been made in battery
cathodes, anodes and electrolytes. Lithium-ion batteries consisting of LiCoO2 as the cathode and
powdered graphite as the anode, occupy a very large portion of the portable battery market because
1
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of their high energy density and design flexibility. Drawbacks however including poor rate
performance, and major safety issues (i.e. toxicity of cobalt and reactivity of lithium) hinder its
use in large scale applications. This has motivated the study of new electrode materials for use in
high-voltage rechargeable batteries.[2]
Development beyond lithium-ion technology, such as lithium-sulphur, Na-ion and metalair batteries, could in principle achieve up to ten times the energy density of the current lithiumion capability.[3-5] Some of the materials issues address the need to develop anode and cathode
protection, as well as non-flammable electrolytes with electrochemical stability over a large
potential range.[6]
Among the variety of rechargeable batteries, Na-ion batteries are very promising materials
due to their natural abundance, non-toxicity, and the chemical similarity of sodium ions with
lithium ions. They are an attractive alternative to replace Li-ion batteries for smart grid and electric
vehicle applications. Some Na-based batteries have comparable or even higher energy density than
the commercialized Li-ion batteries, and Na resources are inexhaustible and of lower cost.
However, to meet the demands of the next-generation applications the electrochemical
performance of Na-ion batteries must be improved. Moreover, Na-ion batteries operate on similar
chemistry as Li-ion batteries and are facing the same technical barriers, including safety.
To solve these issues, it is important to understand the reaction mechanism and tailor the
design of electrode materials for Na- and Li-ion batteries. [7] This thesis presents a comparative
overview of the recent developments in the area of positive and negative electrode materials in
both Li-ion and Na-ion batteries.

2
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Chapter 1
1.1 Batteries
A battery is a device that converts stored chemical energy into useable electrical energy
via electrochemical reactions. A battery consists of one or more electrochemical units called cells
that produce electricity in this way. Each cell has three essential components: anode, cathode and
electrolyte. The battery's characteristics, including its capacity and voltage are determined by the
materials used for each of these components. For example, if a discharging battery can be
envisioned as a tank of water being drained by a hose, then the battery capacity would simply be
the volume of the tank, and the voltage would be the pressure in the hose.
The anode or negative electrode – fuel electrode - gives up electrons to the external circuit
and is oxidized during the electrochemical reaction. It must be efficient as a reducing agent, stable,
easy to fabricate, with a high coulombic output (theoretical capacity in Ah/g) as well as a good
conductivity.
The cathode or positive electrode – accepts electrons from the external circuit and is
reduced during the electrochemical reaction. It has to be an efficient oxidizing agent, have a useful
working voltage and be stable when in contact with the electrolyte.
The anode and cathode are indirectly connected via the electrolyte. So the electrolyte is an
ion conductor capable of transferring charge between the anode and cathode inside the cell. The
ideal electrolyte must have excellent ionic conductivity, must be inert with respect to the electrodes
(high breakdown voltage) and have no temperature dependence. Different types of electrolytes are
used in rechargeable batteries depending on the application. However, for the most part, they are
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typically: Li-salts dissolved in organic polymers, gels or liquids. The performance of the battery
depends critically on the material, thermal and electrical properties of the electrolyte.
There are two types of batteries: primary (nonrechargeable or disposable batteries) and
secondary (rechargeable) batteries. Primary batteries are convenient, inexpensive and lightweight
for portable electronic devices. After being completely discharged once, these batteries are
discarded. Also, primary batteries typically exhibit higher energy densities than rechargeable
batteries. The common types of primary batteries are Zinc-Carbon and Alkaline.[8]
Secondary batteries are also known as storage, rechargeable batteries or accumulators and
are assembled with the active materials in the discharged state. Therefore, these batteries need to
be charged before use. The important characteristics for a rechargeable battery are high specific
energy, low resistance and good performance at any temperature. It is critical that the charge and
discharge processes be highly reversible. That is in an ideal sense, the transformation of chemical
energy into electric energy and back again to chemical energy should not lead to a concomitant
physical/chemical degradation of the battery components. These requirements put stringent
constraints on the kinds of component materials that can be used in this technology. Some
important examples of rechargeable batteries are lead-acid batteries, nickel-cadmiun, nickel-iron,
silver oxide, nickel-zinc, hydrogen electrode batteries, zinc/manganese dioxide, Li-ion and Na-ion
batteries.[8] The work described in this thesis focuses on Li-ion and Na-ion electrode materials.

1.2 Li-ion Batteries
Lithium-Ion Batteries (LIB) occupy a very large portion of the portable battery market
because of their high energy density and design flexibility. The first non-aqueous rechargeable
LIBs were introduced in 1990s and created a revolution in portable power technology for electronic
devices. Due to the excellent electrochemical performances, LIBs have been successfully
4

Nuclear Magnetic Resonance Studies on Lithium and Sodium Electrode Materials
for Rechargeable Batteries
integrated into mobile phones, laptop computers, medical and military devices, and hybrid electric
vehicles.
LIBs use lithium storage compounds as positive electrodes (cathode, e.g. Li1-xCoO2) and
negative electrodes (anode, e.g. LixC6). During charging or discharging, Li-ions are transported
between the two electrodes via the electrolyte. Associated with the cation insertion/deinsertion
mechanism are the chemical oxidation and reduction of the transition metal Co(III)  Co(IV)
in the cathode. A microscopic view of the cell discharge shows how charge is made available to
do work. Upon completion of the circuit, the active negative electrode material becomes oxidized
(Li0Li+ + e-) during Li+ extraction and the active positive electrode material upon Li+ insertion
becomes reduced (Co(IV) + e-  Co(III), Figures 1.1 and 1.2). The opposite takes place during
charging.
The first commercial Li-ion battery was introduced by Sony Corporation in 1991 and was
based on LixC6/Li1-xCoO2 structure. LiCoO2 currently represents the most widely used positive
electrode in most commercial rechargeable batteries. Unfortunately, the high cost, limited
capacity, its poor rate performance, and toxicity of cobalt limits its use in large-scale applications.
These limitations have led to enormous effort to find the alternative compounds for lithium
batteries.
Lithium cells can produce 1.5V to 4.2V depending on the design and chemical compounds
used. Lithium-ion batteries are commonly used for consumer electronics such as: laptop
computers, cell phones, MP3 players, digital cameras, power tools, electric bikes and also as well
as military devices and aerospace applications. They are also present in new hybrid and plug-in
hybrid electric cars. The main advantages of Li-ion cells are high specific energy (240 Wh/Kg),
high energy density (up to 640Wh/L), low self-discharge rate, long cycle life, low weight and wide
5
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temperature range for operation. All these advantages make the Li-ion cells attractive for use in
commercial products. The disadvantages of some lithium batteries are degradation at high
temperature when discharged below 2V and danger of venting when overcharged.
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Figure 1.1 Basic operation mechanism and components of a Li-ion battery, where M = Mn, Co,
Ni.

Figure 1.2 Electrode reactions in Li-ion cell, where x and y selected based on the molar
capacities of the electrode materials of the lithium (x/y~3).
7
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1.3 Na-ion Batteries
Recently, Sodium-Ion Batteries (NIBs) are receiving increased attention. This is due in
part to the unpredictable political/economic trends associated with the lithium market and in part
to the naturally high abundance and low toxicity of sodium resources. Both sodium and lithium
are alkali metals that have similar electrochemical performance therefore it is easy to see the
promise of NIBs as a realizable future option in rechargeable battery systems. Improved
characterization of electrode materials will lead to a better understanding of the specific
intercalation/alloying/conversion now being explored for NIBs.
There are some notable differences between LIBs and NIBs. Compared to the Li ion, the
Na cation is larger in size (0.76 Å and 1.02 Å respt.) and has a lower redox potential (−3.04 V for
lithium and −2.71 V vs. SHE for sodium). Despite these disadvantages, an avenue for a
breakthrough technology to surpass LIBs may well exist for NIBs considering the markedly
different interactions influencing the kinetics and thermodynamics of host crystal structures upon
Na+ insertion.
Na-ion batteries are very similar in design to Li-ion. As a NIB cell charges, Na+ ions deintercalate from the positive electrode and migrate through the electrolyte towards the anode.
Meanwhile, charge balancing electrons pass from the cathode positive electrode through the
external circuit containing the charger and into the anode electrode of the battery. During
discharge the process reverses. Once a circuit is completed by connecting to a load, electrons pass
back from the anode to the cathode and the Na+ ions travel back to the cathode.
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1.4 Negative Electrode Materials
At the beginning of the development of rechargeable lithium batteries, elemental alkali
metals (Li or Na) were used as negative electrodes due to their high specific capacity. However,
due to the fact that these highly reactive metals exhibit poor cycle performance and have serious
safety issues, it became imperative that research initiatives look towards finding alternative
materials for negative electrodes. Carbonaceous compounds, alloy composite, metal
oxide/sulfides, organic compounds containing carbonyl groups and phosphorous-based materials
were extensively studied. From these efforts, carbon-based materials, such as lithiated graphite,
seem to perform well by exhibiting long term electrochemically stable surface morphologies upon
cycling.
Ti-based oxides are attractive alternatives to carbonaceous materials because electrodes
operate at lower voltages and have reversible characteristics, but also have higher energy densities
and have higher rate capability. Herein we present results on a new layered titanate that is capable
of reversibly intercalating both Li and Na at very low voltages. This material shows the potential
for large storage capacities and makes a compelling case for its development as an anode material,
for both lithium and sodium-ion batteries.

1.5 Positive Electrode Materials
The positive electrode materials are the source of all the active ions in LIB or NIB.
Therefore these materials need to provide high capacity by incorporating a large amount of lithium
or sodium. In order to maintain long cycle life, high coulombic efficiency and high energy
efficiency, lithium or sodium exchange reactions must not promote structural reorganization of the
9
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material. Positive electrode materials must have a high free energy of reaction with the cation, be
capable of incorporating large quantities of cations (Li or Na), have reasonably large electronic
and ionic conductivities, as well as have low-cost synthesis routes. The active material for
cathodes in commercially available Li-ion batteries is usually a lithiated transition metal oxide or
phosphate. In this work, special attention will be paid to phosphorus olivine single crystals
LiMPO4 and layered-layered oxide materials.
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Chapter 2
2.1 Nuclear Magnetic Resonance
Nuclear Magnetic Resonance (NMR) is a spectroscopic technique that measures the
interaction of a nuclear magnetic moment with its magnetic and electric environment. The
technique can be used to characterize local structure near the atom containing the probe nucleus,
as well as used to study motion and relaxation (dynamics) of the nuclear spins in condensed matter.
When a magnetic field B0, say along the z direction, is applied to a nucleus with non-zero
spin, the nuclear spin will precess about the direction of the magnetic field (z) (Figure 2.1).

Figure 2.1 Spin precession around a constant magnetic field.
This is because nuclei with non-zero spin have an intrinsic magnetic moment μ. The
nuclear magnetic moment and spin are related by:
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μ=γI

(2.1)

where γ is the gyromagnetic ratio of the nucleus and I is the nuclear spin. Nuclear magnetic
moment μ can have any orientation in space but in an external magnetic field it aligns itself in such
way as to minimize its potential energy. The energy is given by:
E= - μ·B0

(2.2)

This equation can be rewritten in terms of operators as:
E= - μzB0=-γIzB0

(2.3)

Therefore, the energy of this system depends on the z-component of the spin vector. The
quantization rule for Iz is:
I z  m

(2.4)

where m can take the values m = I, I-1, …, -I and I is the quantum number associated with the
nuclear spin. There are (2I+1) possible orientations for Iz and therefore the same number of energy
levels. Hence, the energy of the system is:

E   z B0  m  B0

(2.5)

and as a result the energy difference between two consecutive energy levels is:

E    B0

(2.6)

which consequently is the minimum energy the system can absorb or emit.
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The magnetic field B0 will cause the nucleus to precess about the z axis at a frequency ν0
(0 = 2 ν0). This frequency is called the Larmor frequency and is given by:

o= - γB0

(2.7)

The precession can be clockwise for γ>0 or counterclockwise for γ<0. Equation (2.6) can be
rewritten in terms of the Larmor frequency as:
ΔE= h νo

(2.8)

Hence, transitions between the energy levels involve absorption or emission of photons of energy
ΔE (Figure 2.2).

Figure 2.2 Two spin state system.
Up to this point only the behavior of a single nucleus in a magnetic field has been
considered. To analyze the behavior of a collection of nuclei it is necessary to do statistical analysis
on a two-state system containing N = N + N spins. Applying Boltzmann statistics, where I=1/2,
and m=1/2, ̶1/2, results in:

N
N

e



E
k BT

 1

E
  B0
 1
k BT
k BT

( 2.9 )
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where Nβ is the number of nuclei in the highest energy level, Nα is the number of nuclei in the
lowest energy level and kB is the Boltzmann constant [9] and T is the temperature in Kelvin.
Generally, the population difference in a material at room temperature is extremely small (parts
per million). For example at 100 MHz and 300 K:

E  hv  6.626  10 34 J  s  100 MHz
k BT  1.3805  10  23 J / K  300 K

(2.10)

then Boltzmann factor is

N   N
N

 7.99  10 6

(2.11)

The collective behavior of the spins in matter can be visualized in the following manner.
If the material is divided into small domains, each of the domains will have a net magnetization
that is the vector sum of all the spins in that domain. The domain magnetization components
(isochromats) will randomly fluctuate in time, but the net magnetization of the material will be
zero over time. If this material is introduced into a magnetic field and allowed to come to
thermodynamic equilibrium with the field, according to the Boltzmann distribution, there will be
a small excess of the domain magnetization components that will align themselves parallel to the
magnetic field at any instant in time. The result is a net magnetization of the material in the
direction of B0 (z) (Figure 2.3). This is called the material’s equilibrium magnetization (M0). So
at equilibrium, the total magnetization in the z direction (Mz) is equal to M0, and the magnetization
in the x and y directions (Mx, My) are 0.
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Figure 2.3 The net magnetization as a result of the addition of all spins in the system.
In order to produce a resonance condition for this ensemble of spins, a relatively small
oscillating magnetic field, B1, is applied perpendicular to B0. The B1 field is introduced to drive
the system, so B1 must follow the spin precession, that is, oscillate at the Larmor frequency. Most
magnetic fields available for NMR are not larger than 20 Tesla, therefore Larmor frequencies can
be as high as hundreds of megahertz (MHz). For this reason, NMR frequencies are often referred
to as radio frequencies (RF). Typically, an inductor is used to impose B1 on the spin ensemble for
a limited time (pulse). The action of the RF pulse is to tilt M0 away from the z-direction and
towards the x-y plane. This is conveniently represented in a reference frame that rotates about the
z-axis at the Lamor frequency. The magnetization tip angle is given by:
𝜃 = 𝛾𝜏𝐵1 = 𝜏𝜔1 = 2𝜋𝜏𝑣1
𝜔1 = 𝛾𝐵1

(2.12)

(2.13)
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which depends on the magnitude of the B1 field, the duration of the pulse τ and γ.
If the RF pulse is applied for enough time or with sufficient intensity, it is possible to rotate
the magnetization, initially in the z-direction, into the x-y plane. In this case, the pulse is called a
90˚ pulse (Figure 2.4). Immediately after the 90˚-pulse, the magnetization in the lab frame will
have non-zero x, y-components (Mx, My); however the z-component will be zero.

Figure 2.4 The effect on the net magnetization by a 90˚ RF x-pulse.
The spin ensemble net magnetization at this point will evolve naturally or relax back to its
equilibrium value. On the other hand, the interactions governing relaxation processes do not affect
the components in the same way. The classical description is handled by the Bloch equations
𝑑𝑀𝑥
𝑑𝑡
𝑑𝑀𝑦
𝑑𝑡
𝑑𝑀𝑧
𝑑𝑡

= 𝛾[𝑴(𝑡) × 𝑩(𝑡)]𝑥 −
= 𝛾[𝑴(𝑡) × 𝑩(𝑡)]𝑦 −
= 𝛾[𝑴(𝑡) × 𝑩(𝑡)]𝑧 −

𝑀𝑥 (𝑡)
𝑇2
𝑀𝑦 (𝑡)
𝑇2
𝑀𝑧 (𝑡)−𝑀0
𝑇1

(2.14)
(2.15)
(2.16)
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The Bloch formulation describes the evolution of the x, y and z-components of the
magnetization separately as more or less different phenomena: spin-spin or transverse processes
and spin-lattice or longitudinal processes. Solution with appropriate boundary conditions yields
closed form descriptions of Mx,y(t) and Mz(t) that are descriptive for simple magnetic
interactions.[10]
The relaxation of the magnetization along the external magnetic field is called the
longitudinal or spin-lattice relaxation because in this process energy is exchanged between the
spins and the lattice. The characteristic time for this relaxation process is known as the relaxation
times T1. The recovery profile for Mz(t) is therefore described by this formula:

𝑀𝑧 (𝑡) = 𝑀0 (1 − 𝑒

−

𝑡
𝑇1

)

(2.17)

The relaxation of the x-y- magnetization in the plane is called transverse or spin-spin
relaxation because in this process energy is exchanged between the spins and describes by the
relaxation time T2. In the presence of local-field distributions, each domain magnetic component
experiences a slightly different magnetic field (B0 + bloc). This in turn, leads to a distribution of
precession frequencies such that dephasing of the Mx(t)-My(t) coherence occurs. In that local fields
with net orientation parallel to B0 (bloc) are responsible for the evolution of Mx,y(t). In the simplest
description of purely dipolar magnetic interaction, the Bloch equations for Mx-My are the following
expressions

M x   M 0 cos( 2 ot )e



t
T2

(2.18)
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M y  M 0 sin( 2 ot )e

M xy  M xy 0e



t
T2



t
T2

(2.19)

(2.20)

The Zeeman precession is described by the oscillation and the spin-spin relaxation is
introduced by the exponential component, where M0 is the equilibrium value of the magnetization.
T2 is typically smaller than or equal to T1. It is instructive to consider spin-lattice and spin-spin
processes as if they occur independent of one another. In most situations, separate analytical
approaches for T1 and T2 are usually taken for granted; however, in truth they are not independent
and are understood as simultaneously occurring phenomena.

Figure 2.5 The exponential curves for T2 and T1 measurements.
The main factors that contribute to the decay of the transverse magnetization are: intrinsic
system interactions including spin-spin magnetic dipole, chemical shift, electric quadrupole
mitigated relaxations and magnetic field inhomogeneities. The combination of these two effects
is denoted T2*:
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1/T2* = 1/T2 + 1/T2inhomo.

(2.21)

Measurement of spin-spin relaxation typically yields T2*. However, one usually works with a very
uniform B0 field to minimize the difference between T2 and the measured T2*.

19

Nuclear Magnetic Resonance Studies on Lithium and Sodium Electrode Materials
for Rechargeable Batteries

2.2 Solid State NMR
In solution NMR, spectra consist of a series of very sharp transitions, due to averaging of
anisotropic NMR interactions by rapid random tumbling. By contrast, solid-state NMR spectra
can be very broad, as the full effects of anisotropic or orientation-dependent interactions are
observed in the spectrum.
The full Hamiltonian for nuclei in a solid can be written as:[11]
𝐻 = 𝐻𝑍 + 𝐻𝐷 + 𝐻𝑄 + 𝐻𝑠

(2.22)

The Zeeman term, Hz, describes the coupling of the nuclear spins to the applied magnetic
field as described in Chapter 2, Section 1. The remaining interactions, typically much smaller than
the Zeeman term, are treated as perturbations. The second term, HD, encompasses through space
homo and heteronuclear magnetic dipolar and through bond spin-spin j-coupling interactions
(negligibly small w.r.t. other interactions in the solid state). The quadrupolar term, HQ, describes
the interaction of the nuclear electric quadrupole moment with the electric field gradient (EFG)
produced by surrounding electrons. And finally, HS stands for the all the various 'shift', 'shielding'
or 'antishielding' interactions including:
1)

Chemical shift (magnetic fields induced by local electron currents),[10]

2)

Susceptibility (long-range through space magnetism, i.e. diamagnetism and

paramagnetism),[12]
3)

Knight shift (magnetic fields imposed by conduction electrons, i.e. Pauli

paramagnetism, Landau diamagnetism),[10]
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4)

Hyperfine shift (through-bond interaction with unpaired electrons and local

paramagnetic entities, i.e. Fermi contact, pseudocontact shift),
5)

Shifts caused by magnetic fields produced by paired electrons in non-spherical

closed shell (i.e. core polarization, Van Vleck paramagnetism, etc).[12]
Observation of these 'shift' interactions depends on the system being studied, i.e. polymer,
inorganic oxide, metal, semiconductor, paramagnetic salt, etc. The shift interactions are not
mutually exclusive and may be observable in any combination. Furthermore, since they have
similar field dependencies, and therefore similar lineshape features, they can be difficult to
identify, especially in those cases where more than one shift interaction is present.

2.3 NMR Interaction Tensors
NMR interactions are generally anisotropic - their three dimensional nature can be
described by second-rank Cartesian tensors. Assuming the interaction tensor can be diagonalized,
the goal is to obtain the three principal components (eigenvalues), and principal axis system (PAS)
with respect to some reference frame (i.e. crystal lattice):
𝑷𝒙𝒙
ℋ = 𝑰 ∙ 𝑷 ∙ 𝑺 = [𝑰𝒙 , 𝑰𝒚 , 𝑰𝒛 ] [𝑷𝒚𝒙
𝑷𝒛𝒙

𝑷𝒙𝒚
𝑷𝒚𝒚
𝑷𝒛𝒚

𝑷𝒙𝒛 𝑺𝒙
𝑷𝒚𝒛 ] [𝑺𝒚 ]
𝑷𝒛𝒛 𝑺𝒛

(2.23)
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P33

P22
𝓗

𝑷𝑨𝑺

P11

𝑷𝟏𝟏
=[ 𝟎
𝟎

𝟎
𝑷𝟐𝟐
𝟎

𝟎
𝟎 ]
𝑷𝟑𝟑

(2.24)

Figure 2.6 Principal components of the interaction tensor.
Such interaction tensors are commonly pictured as ellipsoids, with the P33 component assigned to
the largest principal component (Figure 2.6).

2.3.1 Dipolar Coupling Interaction
Two nuclei with spins I1 and I2 and their magnetic moments μ1 and μ2 separated by a
distance r1,2 are shown in the Figure 2.7. The energy of interaction between the two magnetic
dipoles μ1 and μ2 is
𝜇

𝐸 = 4𝜋0 [

(𝜇
⃗ 1 ∙𝜇
⃗ 2)
𝑟3

−

⃗ 1 ∙𝑟)(𝜇
⃗ 2 ∙𝑟 )
3(𝜇

]

𝑟5

(2.25)

Where μ0 is the permeability constant and is equal to 4𝜋 × 10−7

𝑘𝑔 𝑚
𝑠2 𝐴2

.

The Hamiltonian for two interacting nuclear spins is

𝐻𝐷 = [

(𝜇
⃗ 1 ∙𝜇
⃗ 2)
𝑟3

−

⃗ 1 ∙𝑟)(𝜇
⃗ 2 ∙𝑟 )
3(𝜇
𝑟5

]

(2.26)

Or this can be represented in terms of the magnetic dipole interaction tensor, D:
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HD = I1 D I2

(2.27)

Where the moments are replaced by their respective operators: μ1=γℏI1, μ2=γℏI2.

Figure 2.7 The dipolar interaction of two nuclear spins μ1 and μ2.
Explicit analysis of the two-spin magnetic dipolar interaction reveals the orientational
dependence. It is important to note that the dominant terms are characterized by a (3cos2θ - 1)
dependence, as this has significance in magic angle spinning measurements. θ is the polar angle
between the applied field, B0, and the internuclear radial direction, r1,2.
For solid state systems, atomic motions are greatly constrained, and therefore magnetic
dipolar interactions are considerably larger than in fluid systems. In this case, j-coupling terms are
overwhelmed by through-space dipolar interactions, and the Hamiltonian essentially becomes a
sum over all through-space dipole pairs in the system.[9]
̂𝐷 = ∑𝑗<𝑘 𝐻
̂𝐷,𝑗𝑘
𝐻

(2.28)

For the homonuclear case, the Hamiltonian is given by:
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̂𝐷,𝑗𝑘 = 𝑑𝑗𝑘 (3𝐼̂𝑗𝑧 𝐼̂𝑘𝑧 − 𝑰̂𝑗 ∙ 𝑰̂𝑘 )
𝐻

(2.29)

Where 𝑑𝑗𝑘 is the secular dipole-dipole coupling and can be represented as
1

𝑑𝑗𝑘 = 𝑏𝑗𝑘 2 (3 cos 2 𝜃𝑗𝑘 − 1)

(2.30)

The magnitude of the through-space interaction is given by dipole-dipole coupling
constant 𝑏𝑗𝑘
𝜇

𝑏𝑗𝑘 = − 4𝜋0

𝛾𝑗 𝛾𝑘 ℏ
3
𝑟𝑗𝑘

(2.31)

𝜃𝑗𝑘 is the angle between external magnetic field B0 and the vector joining the spins.

Figure 2.8 The angle 𝜃𝑗𝑘 is used to calculate 𝑑𝑗𝑘 .
For the heteronuclear case, the interaction is given by
̂𝐷,𝑗𝑘 = 𝑑𝑗𝑘 2𝐼̂𝑗𝑧 𝐼̂𝑘𝑧
𝐻

(2.32)

The coupling 𝑑𝑗𝑘 is equal to zero when the angle 𝜃𝑗𝑘 satisfies the equation:
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3 cos2 𝜃𝑗𝑘 − 1 = 0

(2.33)

Solution for this equation is called the magic angle
𝜃𝑚 = 𝑎𝑟𝑐𝑡𝑎𝑛√2 =54.74o

(2.34).

In practice, a typical system will contain a large number of nuclei (~1018 to 1021), and the
dipole term does not lend itself to direct computation easily. It suffices to treat the ensemble
collectively via symmetric distribution functions (i.e., Gaussian, Lorentzian). Dipolar couplings
are very useful in the study of molecular structure, and in the solid state it can be used to extract
internuclear distances. Just considering the magnetic dipolar perturbation on the Zeeman energy,
the NMR resonance is well approximated by a symmetric distribution function centered at the
Larmor frequency (Figure 2.9). When other interactions are present, the dipolar interactions can
be treated as Gaussian and/or Lorentzian convolutions of the resonant frequencies or
polycrystalline powder pattern.[11]

Figure 2.9 Energy level for a spin I=3/2 in the presence of a magnetic field. Dipolar
interaction yields a symmetric distribution about the resonance frequency.[11]
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2.3.2

Quadrupole Interaction

Nuclei with spin greater than ½ have non-spherical charge distributions, and the resulting
electric quadrupole moment (Q) can interact with a surrounding electric field gradient (Figure
2.10). The Hamiltonian of the quadrupole interaction is,
̂𝑄 = 𝑒𝑄 𝐼̂ ∙ 𝑉 ∙ 𝐼̂ (2.35),
𝐻
2𝐼(𝐼−1)ℏ
where V is the electric field gradient at the nucleus, 𝐼̂ is the nuclear spin vector and Q is the nuclear
quadrupole moment.

Figure 2.10 Nuclear charge distribution for spin ½ and greater.
V can be diagonalized yielding a traceless tensor with principal components satisfying |V11|≤|V22
|≤|V33 (Figure 2.11).
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V33
𝑽𝒙𝒙
𝑽 = [𝑽𝒚𝒙
𝑽𝒛𝒙

V22
V11

𝑽𝒙𝒚
𝑽𝒚𝒚
𝑽𝒛𝒚

𝑽𝟏𝟏
𝑽𝑷𝑨𝑺 = [ 𝟎
𝟎

𝟎
𝑽𝟐𝟐
𝟎

𝑽𝒙𝒛
𝑽𝒚𝒛 ] (2.36)
𝑽𝒛𝒛

𝟎
𝟎 ] (2.37)
𝑽𝟑𝟑

Figure 2.11 The Electric field gradient tensor at the quadrupole nucleus.
In the EFG principal axis system, the quadrupolar Hamiltonian is given as:
2

̂ Q = 𝑒 𝑞𝑄 [3𝐼𝑧 2 − 𝐼(𝐼 + 1) + 𝜂(𝐼𝑥2 − 𝐼𝑦2 )] (2.38)
𝐻
4𝐼(2𝐼−1)ℏ
𝜂=

𝑉11 −𝑉22
𝑉33

,

𝑒𝑞 = 𝑉33

(2.39)

Where η is the (quadrupolar) asymmetry parameter and eq is the largest component. Here e is the
magnitude of the electron charge and the value q alone has no physical meaning in SI units.
The quadrupole coupling constants, Qcc = e2qQ/h is used in the literature to indicate the
size of the quadrupole interaction.
If we assume the electric field gradient has axial symmetry (V11=V22) then the Hamiltonian
of quadrupole interaction in the lab coordinate system becomes
2

̂ Q = 𝑒 𝑞𝑄 [3𝐼𝑧 2 cos2 𝜃 + 3𝐼𝑥 2 sin2 𝜃 + (𝐼𝑧 𝐼𝑥 + 𝐼𝑥 𝐼𝑧 ) sin 𝜃 cos 𝜃 − 𝐼(𝐼 + 1)] (2.40)
𝐻
4𝐼(2𝐼−1)ℏ
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̂ Q as a perturbation on the Zeeman energy levels leads the expressions
Treatment of 𝐻
correct through second order effects for transition energies and non-axial symmetry:[11]

ℎ𝑣 = ℎ𝑣0 −

+

2
ℎ𝑣𝑄

12𝑣0

ℎ𝑣𝑄
1
(𝑚 − ) [3 cos 2 𝜃 − 1 − 𝜂 cos 2𝜙 sin2 𝜃]
2
2

3

[2 sin2 𝜃[(𝐴 + 𝐵) cos2 𝜃 − 𝐵] + 𝜂 cos 2𝜙 sin2 𝜃[(𝐴 + 𝐵) cos 2 𝜃 − 𝐵] +
(𝐴 + 4𝐵) cos2 𝜃 − (𝐴 + 𝐵) cos 2 𝜙(cos 2 𝜃 − 1)2 ]]

𝜂2
6

[𝐴 −

(2.41)

where

𝑣𝑄 =

3𝑒 2 𝑞𝑄/ℎ
2𝐼(𝐼−1)

(2.42)

𝐴 = 24𝑚(𝑚 − 1) − 4𝐼(𝐼 + 1) + 9
𝐵=

1
4

[6𝑚(𝑚 − 1) − 2𝐼(𝐼 + 1) + 3]

(2.43)

(2.44)

where m is the magnetic quantum number, and θ and φ are the polar and azimuthal angles
specifying the orientation of the EFG principal axis with respect to the magnetic field. In these
expression only 𝛥𝑚 = ±1 have been considered. The second term in eq. 2.41 arises from firstorder effects, the third term arises from second-order effects. By plotting the number of
combinations of θ and ϕ values that give a particular resonance frequency v as a function of the
frequency, one obtains the “powder pattern” for the sample (Figure 2.12).
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Figure 2.12 Schematic representation of the nuclear energy levels due to the effect of the
quadrupolar coupling for spin I=3/2. Corresponding pattern for a first order quadrupolar
interaction and the second order quadrupolar interaction when η=0 (CT=central transition, ST=
satellite transition).[11]
The electron distributions that generate the EFG tensor determine the strength of the
quadrupole-couping constant Qcc and the value of the asymmetry parameter η. These values can
be determined experimentally from NMR spectra and provide information about properties of the
electron distribution.
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The other observation is that the second order correction depends on the inverse of the
Larmor frequency. Therefore, second order quadrupole effects (typically observed as splittings and
linewidths of the central transition) are reduced upon measurement at higher fields.

2.3.3 Shift Interactions
For this thesis, the study of shift contributions to the NMR lineshape will be confined to
chemical shift, susceptibility and hyperfine interactions. The analysis is formally presented as a
1st-order contribution to the field imposed on the nuclear spin,
𝐵𝑒𝑓𝑓 = 𝐵0 (1 − 𝜎)

(2.45)

The presence of the B0 field on the sample induces a field - σB0, and the nucleus 'sees' the
effective field Beff. While the underlying phenomena giving rise to the induced field depends on
the particular interaction, the shift interactions can all be represented in terms of a diagonalizable
shielding (antishielding) tensor -σ.
The Hamiltonian of the shift interaction with a spin I is
̂𝑐𝑠 = 𝛾𝐼̂ ∙ 𝜎 ∙ 𝐵𝑜
𝐻

(2.46)

The shielding tensor is usually given in its principal axis system (PAS) with diagonal components
as:

𝜎𝑃𝐴𝑆

𝜎11
=[ 0
0

0
𝜎22
0

0
0 ]
𝜎33

(2.47)

In the case of single crystal studies, the orientation of the principal axis of the shielding
tensor is conveniently presented with respect to the crystal axes.
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Below is shown the relationship between the interaction tensor in the crystal system of
reference and the principal axis system of reference (PAS), with the rotational transformation
matrices from one frame to another:
−1
−1
−1
𝜎𝐿𝐴𝐵 = 𝑅𝑐𝑟𝑦𝑠𝑡𝑎𝑙/𝐿𝐴𝐵
𝜎𝑐𝑟𝑦𝑠𝑡𝑎𝑙 𝑅𝑐𝑟𝑦𝑠𝑡𝑎𝑙/𝐿𝐴𝐵 = 𝑅𝑐𝑜𝑖𝑙
(𝜃)𝑅||𝐵
𝜎
𝑅 𝑅
0 𝑐𝑟𝑦𝑠𝑡𝑎𝑙 ||𝐵0 𝑐𝑜𝑖𝑙

(2.48)

In case of the orthorhombic structure of the crystal and rotation in the coil around x axes
(Figure 2.13) the rotation transformation can be represented in the following way

Figure 2.13 Schematics of the crystal position with respect to the magnetic field.

𝑅||𝐵0 =

−1
𝑅||𝐵
0

1 0
̂
= 𝐼 = (0 1
0 0

1
𝑥
𝑅𝑐𝑜𝑖𝑙 = 𝑅𝐶𝑊𝑟𝑜𝑡
(𝜃) = (0
0

𝜎𝑐𝑟𝑦𝑠𝑡𝑎𝑙

𝜎11
𝜎
= ( 21
𝜎31

0
𝑐𝑜𝑠𝜃
𝑠𝑖𝑛𝜃
𝜎12
𝜎22
𝜎32

0
0)
1

(2.49)

0
−𝑠𝑖𝑛𝜃 )
𝑐𝑜𝑠𝜃

𝜎13
𝜎23 )
𝜎33

(2.50)

(2.51)
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Then the final interaction tensor can be written as
𝜎𝐿𝐴𝐵 (𝜃) = 𝜎𝑖𝑖 sin2 𝜃 + 𝜎𝑗𝑗 cos 2 𝜃 − 2𝜎𝑖𝑗 𝑐𝑜𝑠𝜃 𝑠𝑖𝑛𝜃

(2.52)

Typically NMR shifts are expressed in normalized frequency units, i.e. parts-per-million
(ppm) units, rather than in absolute frequencies (Hz). The use of ppm is convenient since the
interaction energy is proportional to the applied field strength B0. In principle, shielding tensors
can be gathered and compared to results from any field strength when expressed in ppm. For
example, the chemical shift is the difference between the measured resonance frequency (v) of a
nucleus in some molecule and a standard resonance (vref). The chemical shift, , as expressed in
ppm is defined as follows:
𝛿=

𝑣−𝑣𝑟𝑒𝑓
𝑣𝑟𝑒𝑓

(2.53)

where quantities in the numerator are in Hz, and the denominator in MHz. In the solid state the
three principal components of the chemical shift interaction tensor (by convention, δ = -σ) can
sometimes be resolved. In these instances, the chemical shift components can be expressed as:
1

𝑃𝐴𝑆
𝑃𝐴𝑆
𝑃𝐴𝑆
𝛿𝑖𝑠𝑜 = 3(𝛿11
+ 𝛿22
+ 𝛿33
)
𝑃𝐴𝑆
∆= 𝛿33
− 𝛿𝑖𝑠𝑜

𝜂𝑐𝑠 =

𝑃𝐴𝑆 −𝛿 𝑃𝐴𝑆
𝛿11
22

∆

(2.54)

(2.55)
(2.56)

where δiso, ∆ and 𝜂𝑐𝑠 are the isotropic shift, anisotropy and asymmetry of the interaction
respectively.

32

Nuclear Magnetic Resonance Studies on Lithium and Sodium Electrode Materials
for Rechargeable Batteries

2.4 Experimental Methods and Analysis
2.4.1 Basic NMR Pulse Sequences
NMR experiments in this thesis were performed using:


A Varian-S Direct Drive 300 (7.1 T) spectrometer (proton frequency of about 300
MHz)



A Bruker Avance III HD 400 (9.4 T) spectrometer



A Varian/INOVA 500 (11.7 T) spectrometer



Apollo Tecmag spectrometer (2.1T).

The pulse sequences used in this research are described in this section.

2.4.1.1

Single Pulse

This is the simplest and most basic pulse sequence for NMR experiments. The single pulse
sequence consists of one π/2 pulse followed by a delay and signal acquisition, as in Figure 2.14.
Previously π/2 pulse was mentioned in Chapter 2. NMR free induction decay (FID) or time domain
signal is detected after the pulse delay (DE, see below). The NMR frequency spectrum is obtained
through Fourier transformation and additional processing of the FID.[10]

Figure 2.14 Single Pulse Sequence.
The recycle delay time d1 (usually d1>5T1) between scans should be chosen such that the
magnetization relaxes fully to its equilibrium position before another excitation pulse is applied.
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It is important to know how much time is needed for relaxation, as the NMR signal will evolve
according to the initial conditions of the magnetization. If the magnetization is not allowed to relax
to equilibrium before applying the RF pulse, signal saturation will progress as more pulses are
applied. The dead time, DE, is the time between the end of the pulse and the beginning of
acquisition of the FID. DE is usually larger than 10 μs, as this is the amount of time it takes for the
receiver to recover (instrument deadtime) and probe ringdown to die out after the applied RF pulse.

2.4.1.2

Spin Echo Pulse Sequence

Spin echos, as opposed to FIDs, can be produced using two rf pulses in succession. A spin
echo pulse sequence can be used to study, for instance, spin-spin relaxation, yet it is used in a
variety of other spectroscopic applications. In particular, echos can be used to overcome deadtime
limitations, which are often encountered in observation of resonances from solid state materials.
The echo pulse sequence consists of two rf pulses, π/2 and π respectively or two π/2 pulses (i.e.
solid echo, useful when observing quadrupolar nuclei), separated by a delay τ as in the following
figure.

Figure 2.15 Spin Echo Pulse Sequence.
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2.4.2 Magic Angle Spinning NMR
Magic Angle Spinning (MAS) is a technique that partially averages interactions by
physically spinning the sample (~ kHz) about an axis that is tilted at θ = 54.74° (the magic angle)
with respect to the direction of the external magnetic field (B0) (Figure 2.16). The choice of magic
angle is not arbitrary, as this is precisely the angle that nullifies all terms in the Hamiltonian that
have 3cos2ϴ-1 dependence. In other words, by choosing θ to be 54.74°, the Hamiltonian
perturbation terms that contain the second-order Legendre polynomial, P2(cosθ) = (3cos2θ -1)
become zero and the interactions in the infinite spin limit are averaged to zero or reduced to their
isotropic values. Lineshape averaging via MAS must be considered in light of the following.
1) The spin rate must be larger than or equal to the "interaction width" of the static line in
order to have complete averaging. Spinning sidebands are observed in MAS spectra when
the averaging is incomplete.
2) Isotropic components cannot be averaged (i.e. to a single center-of-gravity
frequency), because they have no angular dependence.

Figure 2.16 MAS setup.
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For solid state studies, incomplete averaging is often observed. Several general features of
MAS spectra can be observed under these circumstances. As the spin rate increases, normally
broad lines (if specifically broadened by anisotropic interactions, angularly dependent interactions,
etc.) become narrower, more symmetric and centered about their isotropic values. At the same
time, sidebands will be observed flanking the central isotropic peak. The sidebands will be
separated in frequency by the spin rate. Furthermore as the spin rate increases, the isotropic peak
narrows and gains intensity, and the sidebands become more spaced out with reduced intensity. In
this way, the resolution can be enhanced for better identification and analysis of the spectrum,
especially when more than one isotropic component is present.
To calculate the frequency during MAS it is necessary to transform the active rotation from
the PAS to LAB systems. In this case the rotation will be happening in two steps, a transformation
from PAS to rotor fixed frame (RFF) and then from RFF to LAB frame:
𝑅 = 𝑅𝐿𝐴𝐵/𝑅𝐹𝐹 𝑅𝑅𝐹𝐹/𝑃𝐴𝑆

(2.57)

Where
𝑅𝐿𝐴𝐵/𝑅𝐹𝐹 = 𝑅(𝛼)𝐶𝑊𝑟𝑜𝑡 𝑅(𝛽)𝐶𝐶𝑊𝑟𝑜𝑡 𝑅(𝛾)𝐶𝑊𝑟𝑜𝑡
𝑅𝑅𝐹𝐹/𝑃𝐴𝑆 = 𝑅𝑧 (𝜔𝑟 𝑡)𝑅𝑦 (𝜃𝑚 )𝑅𝑧 (𝜁)

(2.58)

(2.59)

The laboratory frame is chosen so that its z-axis is along the external magnetic ﬁeld. The relative
orientation of the sample holder and the ﬁeld are deﬁned by the Euler angles. Here 𝛼, 𝛽 and 𝛾
represent the orientation of the PAS in the RFF, 𝜃𝑚 represents magic angle, ωr represents the rotor
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rotation frequency, t represents the acquisition time from the beginning of the experiment and 𝜁
has no effect on the experiment and can be omitted.
The result of these transformations can be represented as the combination of the isotropic
(time independent) and anisotropy (time dependent) components:
𝜔(𝑡) = 𝜔𝑖𝑠𝑜 + 𝜔𝑎 = 𝜔𝑖𝑠𝑜 + 𝐶1 cos(𝛾 + 𝜔𝑟 𝑡) + 𝐶2 cos(2𝛾 + 2𝜔𝑟 𝑡) + 𝑆1 sin(𝛾 + 𝜔𝑟 𝑡) +
𝑆2 sin(2𝛾 + 2𝜔𝑟 𝑡)

(2.60)

Where

𝐶1 = −

𝐶2 =

𝛿
2

𝛿√2
2

𝜂

sin 2𝛽 (1 + 3 cos(2𝛼))

(sin2 𝛽 −

𝑆1 = −

𝑆2 = −

𝜂
3

((1 + cos 2 𝛽) cos(2𝛼))

𝛿√2
3

𝛿𝜂
3

(2.61)

sin 𝛽 sin(2𝛼)

(2.63)

cos 𝛽 sin(2𝛼)

(2.64)

(2.62)

The anisotropy term for the frequency is orientation dependent and time dependent and
depends on the values for CSA (δ and η) and on the orientation of the sample in the rotor (α, β,
and γ). Time-dependent terms of the frequency have the effect of creating spinning sidebands in
the spectrum, spaced at the rotor frequency.
The Euler angles are used to describe experiments not only for MAS, but also for single
crystal and goniometer, experiments with powder, aligned liquid, and relaxation phenomena.
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2.4.3 DM FIT
"Dmfit” is a simulation program designed for analyzing NMR spectra, including solid state
NMR. [13] In Dmfit as well as other NMR simulation software, a full resultant powder pattern
spectrum, whether static or MAS, is interpreted as a superposition of a finite set of separate 'lines.'
These lines are the representative component spectra of a given site (magnetic and/or EFG
environment) and are treated more or less individually. Each component line and therefore each
resultant simulated spectrum can be manipulated as functions of magnetic field (frequency), site
weighting (integrated intensity), magic angle spinning rate, as well as interaction coupling
constants as identified:


Isotropic chemical shift δiso,



Set

of

Gaussian/Lorentzian

parameters

(half-width

at

half-maximum

and

Gaussian/Lorentzian ratio, used for the dipole contribution to the powder pattern),


Chemical shift anisotropy tensor (axiality ΔCSA and asymmetry ηCSA, CSA components in
the PAS of the interaction),



EFG tensor (coupling constant Qcc or νQ and asymmetry parameter ηQ) for quadrupolar
nuclei and possibly their relative orientation (EFG components in the PAS of the
interaction).
A simulation strategy would involve starting with known parameters, like nucleus,

frequency, linewidths, peak positions, compositional considerations, etc. and reasonable guesses
for the interaction parameters. The first simulation is then produced based on these parameters.
The original data spectrum would then be compared with this first 'try' simulation and any
differences noted. A judgement would be made as to the "goodness" and or "uniqueness" of the
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fit (sometimes treated as a chi-square variable between the simulation and the data). If adjustments
need to be made, the input parameters are updated and a second simulation would be produced.
This process continues until the refinement bears out a convergence in the parameter list. This is
an efficient and timely way to analyze NMR interactions from the top down (from data) as opposed
to an a priori method.
“Dmfit” program was used for the NMR analysis in Chapter 4 and 5.

2.4.4 MatLab FIT
Matlab is a mathematical and graphical software package with numerical, graphical and
programming capabilities that is largely used to analyze the data in matrix format.[14] Two fitting
programs in MatLab were written by P. E Stallworth for the spectra analysis for the single crystal
project that were used in this thesis (Chapter 3). All the spectra were transformed into the txt files
and represented as a matrix for any set of the rotation.
The program Fit_Spect was used to fit 31P data for LiMPO4 single crystals. This program
allows to find the values of the tensor from the NMR frequency (shift) for any rotation around the
crystallographic axis.
The Program Fit_QuadSpect was used to fit 7Li data for LiMPO4 single crystals. This
program is used to find the interaction tensor between the 7Li electric quadrupole moment and the
surrounding electric field gradient (EFG) through the position of the satellite transitions for the
7

Li. From the fit of the data  can be found, which are the angles specifying the direction of

the EFG principal axis relative to the external magnetic field B0 and crystallographic axes.

39

Nuclear Magnetic Resonance Studies on Lithium and Sodium Electrode Materials
for Rechargeable Batteries

Chapter 3
7

Li and 31P NMR studies on the Single Crystal LiMPO4 (M = Co, Fe)
Abstract
LiMPO4 (M = Fe, Co) are orthorhombic crystals, belonging to the olivine family, that

possess interesting anisotropic transport and magnetic properties. These crystals have applications
as electrodes in the rechargeable battery industry due to their appealing charge storage capacity,
stability and non-toxicity. In these studies, nuclear magnetic resonance spectroscopy was used to
gain insight into the magnetic structure of LiMPO4 compounds. By measurement of the 7Li and
P NMR frequencies with crystal orientation, i.e. ν = B0∙σ∙Ι, where B0 is the applied field and Ι is

31

the nuclear spin, the relative directions and magnitudes of the components of the interaction tensors
giving rise to the lithium and phosphorus shifts can be determined (σ = hyperfine, susceptibility,
etc.). It is found in the case of 31P that crystals exhibit large (paramagnetic) shifts, however, less
so for 7Li within the same crystal depending on orientation. The discussion will address
correlations between the structure and the interaction tensors.

Figure 3.1 Orthorhombic Structure of the LiMPO4 (M = Co, Fe).
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3.1 Introduction
Recent research activity has been focused on finding alternative electrode materials for the
next generation of rechargeable lithium-ion batteries, especially for use in large-scale applications
(hybrid electric vehicles). LiMPO4 (M = Mn, Fe, Co, and Ni) are olivine-structured
orthophosphates and have been considered as alternatives to cobalt-oxide-based cathodes. These
technologically relevant crystals are of interest due to their appealing charge storage capacity,
stability, low-toxicity and cost, as well as possessing some very interesting anisotropic electronic,
magnetic and transport properties.[15] Along with the many physical characterization studies,
there have been several electronic structure calculations which predict electronic and ionic
transport properties.[16-18] Of course transport studies are relevant to charge/discharge rate
capability and provide insight into how the overall performance of associated cathodes may be
enhanced.
The purpose of this research is to understand the role of the transition metal (M = Mn, Fe,
Co, Ni) in determining the magnetic and ionic transport properties of these single crystals.
Although polycrystalline LiFePO4 is already in commercial use, it is crucial to understand the
influence of the transition metal on higher cell voltage in single crystals. There have been several
NMR studies performed on polycrystalline and single crystal samples.[19-22] Although these
studies provide valuable information geared towards ascertaining local-order structure and
understanding the processes influencing electrochemical behavior, they don’t provide detailed
experimentally-determined descriptions of the magnetic susceptibility or electric field gradients in
the vicinity of the lithium and phosphate ions, which ties into earlier neutron diffraction or
magnetic susceptibility studies. Single crystal studies employing low-field 7Li and

31

P NMR
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spectroscopy, as described in this thesis, yields fundamental knowledge about the interaction
tensors and thereby connects with the polycrystalline studies of other work.

Figure 3.2 Lithium and Phosphorous local environments in LiMPO4 (M = Co, Fe).

3.2 Experimental
The single crystal samples were provided by Dr. D. Vaknin, Ames Laboratory, Iowa State
University. LiMPO4 (M = Mn, Fe, Co, and Ni) crystals (size ~20-30mm3) were fabricated by a salt
flux method and cleaved from the larger parent crystals. [23] The starting point of our study was
to identify the directions of the crystal axes. A single crystal x-ray diffractometer was used to
accomplish this, as well as examine the integrity of the crystals, i.e., looking for twinning, and
comparing measured lattice constants (a ≈ 10.3Å, b ≈ 6.0 Å, and c ≈ 4.7Å) with the literature
values.
7

Li and 31P NMR measurements were made using a Tecmag Apollo Spectrometer with a

2.1 T permanent magnet. A much smaller field, than those in MAS studies, was used, in order to
resolve the large paramagnetic shifts expected for these crystals within a reasonable spectral
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window (i.e., 1 MHz). The crystal was mounted onto a goniometer and positioned in the probe in
such a way that rotations could be performed smoothly within the NMR probe coil axis. The
goniometer shaft, being coaxial with the coil and perpendicular to the B-field, was rotated by
and NMR measurements were taken sequentially at 15o increments for 0o<<360o, as shown in
Figure 3.3. A complete set of rotations was done about each (orthogonal) crystal axis [100], [010]
and [001]. Upon completion of a complete data set, the spectra were fitted according to the analysis
in order to determine the interaction tensor components for 7Li and 31P environments.

Figure 3.3 Schematics of the experiment. Here the rotation is made about the [010] direction and
the magnetic field Bo is oriented at  within the plane specified by the axes [100] and [001].

Measurements were performed at roughly 35MHz and 36MHz for 7Li and 31P respectively.
We used a spin-echo pulse sequence (/2----acquire) for 31P NMR. For observation of large
paramagnetic shifts (i.e., short T2), an echo pulse sequence is generally necessary in order to bypass
the minimum deadtime issues (~15s) of the probe and instrument before signal acquisition.
Typically,  was taken around 25s to 40s. For the case of 7Li, a solid-echo pulse sequence (/2-/2--acquire) was used to enhance the intensity for the satellite contribution. High power
pulses were used for both experiments such that pulse widths (/2) were typically less than 2s.
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There was no evidence of signal saturation using recycle delays of 0.25s, and reasonable signalto-noise was obtained after the accumulation of ~30000 scans. All data were taken at room
temperature. Rotation plots are presented using ppm units and referenced to the suitably
diamagnetic substances 85% H3PO4 and aqueous LiCl for 31P and 7Li respectively.

3.2.1 X-ray Diffraction of the Crystals
Single-crystal analyses, to identify the three orthogonal crystal axes, was performed on
either a Bruker-Nonius KappaCCD X-ray diffractometer (Hunter College) or a Bruker AXS
APEXII Single Crystal Diffactometer (New York University). This latter instrument is capable of
providing an image of the crystal with lattice axes clearly marked (Figure 3.4 and 3.5).

Figure 3.4 Photo of the Bruker-Nonius KappaCCD X-ray Diffractometer.
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Figure 3.5 Images of LiCoPO4 (left) and LiMnPO4 (right) crystals with crystallographic axes.
Once lattice parameters and orientation matrices were obtained from three sets of frames,
yielding the principal orientations [100], [010], and [001], the crystal was ready for NMR rotation
studies

3.2.2 NMR in a 2.1 Tesla Apollo Tecmag Spectrometer
As pointed out previously, there are certain advantages in carrying out NMR of
paramagnetic systems at smaller magnetic fields. To this end, an economical and simple pulsed
spectrometer system, Tecmag Apollo HF2, was employed using an older Varian 2.1 T permanent
magnet.
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Goniometer
Probe
Magnet

Figure 3.6 Photo of the Apollo Tecmag Spectrometer.
The method is to measure the 7Li and

31

P peak frequencies with respect to crystal

orientation (i.e. [100], [010] and [001] relative to B0). The simplest and most obvious way to
achieve this, while minimizing the number of times the crystal would have to be physically
handled, was to mount the crystal on an axle, so that orientations could be made by rotating the
axle through an angular displacement, . It was necessary to build a probe such that rotations
could be performed smoothly during the course of an experiment. The probe geometry, therefore,
places the rotation axis coaxial with the rf coil, and the interaction tensor's angular dependence
with respect to B0 could be continuously varied through angle  per each rotation axis ([100], [010]
or [001]). Other convenient features were added, including a goniometer, stepper motor, a camera
and remote control software, all of which allowed for a mechanized, precise and reproducible way
of rotating the crystal. Some of the probe details are shown in Figure 3.7.
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Figure 3.7 Single crystal probe details.
The goniometer is attached to a computer controlled stepper motor for an accurate angle of
rotation.

3.3 Results and Discussion
The basic crystal structure of LiMPO4 olivines is shown in Figure 3.1. The lattice constants
are a ≈ 10.3Å, b ≈ 6.0 Å, and c ≈ 4.7Å for both of the crystals. [24-27] The transition metal atoms
M are coordinated with six oxygen atoms, MO6, in distorted octahedra. The phosphorus atoms are
bound covalently to four oxygen atoms to make tetrahedral PO4 structural units.[28] It is the MO-P covalent bonds that, while mediating the superexchange interactions between neighboring
transition metals, allows for long-range magnetic ordering within the crystal. Low temperature
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Curie behavior has been reported for all these crystals,[29] including anisotropy in single crystal
studies.[30] On the other hand to our knowledge, only NMR studies have provided data suggesting
anisotropic susceptibility at temperatures near 20oC.[30, 31] A simplified picture gives a dynamic
magnetic host lattice comprised of MO6 octahedra and PO4 tetrahedra, with Li ions surrounded by
six neighboring oxygen atoms LiO6. These distorted octahedral units reside at corners, edges, and
centers of the unit cell shown in Figure 3.1 and 3.2.
It is noted that Li enjoys an ionic relation with its surrounding oxygens, in contrast to the
highly covalent nature between P and its nearby oxygens. The reason LiMPO4 crystals make
suitable electrode materials is in part due to the ease at which Li can be extracted and reinserted
into the structurally sound MO6-PO4 host lattice. Also, the host lattice must adapt by compensating
electronically (i.e. redox of the transition metal) to the extraction/reinsertion of Li. It is not the goal
of this work to follow the redox behavior, however, the covalent and ionic arguments are related
to the observed magnetic interactions in the 7Li and 31P data.
Mainly the interactions consist of a dipolar interaction and hyperfine couplings. The
frequency shifts observed for LiMPO4 arise in part from nuclear-paramagnetic dipolar interactions,
which have both isotropic and anisotropic (line broadening) components. The other large
contribution to the shift is from isotropic contact interactions. This isotropic part is conventionally
called the Fermi-contact term and appears to be particularly large in the case of 31P.
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3.3.1 Resonance Shifts
3.3.1.1

31

P NMR

The NMR frequency for 31P resonances is proportional to:
𝑣𝑃 ~𝑰 ∙ (𝑫 + 𝑨) ∙ 𝝌 ∙ 𝑩𝟎

(3.1),

where I is the nuclear magnetic moment,  is the paramagnetic susceptibility (U() = m3) and B0
the external magnetic field.[12] The dipolar term, D, describes the through-space magnetic
interactions between phosphorus nuclei and neighboring spins. It contributes to the breadth of the
resonances and is responsible for the pseudocontact shifts observed with both 7Li and 31P. A is the
hyperfine interaction between phosphorus nuclei and unpaired electron spins of the paramagnetic
ion, in this case Fe2+ and Co2+. This interaction is also responsible for the large positive shifts
observed particularly for

31

P. The measured shift can in principle be decomposed into Fermi

contact (FC) and pseudocontact (PC) contributions;[12]
𝜹 = 𝜹𝑃𝐶 + 𝜹𝐹𝐶

(3.2)

where,
1

𝜹𝑃𝐶 = ∑𝑖 4 𝑟 3 [𝑰 − 3(𝒆𝑖 ⊗ 𝒆𝑖 )] • 

(3.3)

𝑖

𝜹𝐹𝐶 =

1

𝐴𝑠

γ𝜇0 𝜇𝐵 ħ

𝒈−1 • 

(3.4)

In these expressions, γ is the magnetogyric ratio, g is the inverse matrix of the electron g-factor,

0 is the vacuum permeability, B is the Bohr magneton and ħ is Planck’s constant per 2 radians.
As refers to the isotropic part of the hyperfine interaction and represents the amount of unpaired selectron spin density at the probe nucleus. Unfortunately, knowledge of both the g-tensor and
susceptibility is required for direct analysis of the Fermi contact term. A promising approach,
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which is currently being pursued,[12] is to compute the dipole sum, for both 7Li and

31

P, over

neighboring paramagnets (located at ri ei) for the PC term, and use this result along with As to
extract the anisotropic hyperfine term (FC). Still at the moment, without susceptibility information
these contributions cannot be directly separated, and the results are presented as a single
paramagnet-nucleus interaction tensor ij.
The NMR frequency (shift) is related to the tensor components with respect to the crystal
axes and rotation angle  as follows (Chapter 2, Section 3.3, eqns. 2.48- 2.52):
𝛿𝑠ℎ𝑖𝑓𝑡 = 𝛿𝑖𝑖 𝑐𝑜𝑠 2 𝜃 + 𝛿𝑗𝑗 𝑠𝑖𝑛2 𝜃 − 2𝛿𝑖𝑗 cos 𝜃 sin 𝜃

(3.5)

with the rotations about the three orthogonal crystallographic directions: [100], [010] and
[100].[32] From here nine tensor components need to be specified with respect to the
crystallographic frame. Due to the symmetry for the phosphorus site the number of the tensor
components can be reduced to four:
𝛿𝑗𝑖 = 𝛿𝑗𝑖 for i ≠ j, and 𝛿𝑥𝑦 = 0 and 𝛿𝑦𝑧 = 0 (3.6).
This leaves the diagonal elements ii and off-diagonal component xz to be extracted from the
rotation plots using eq. 3.5. It is important to note that we consider xz as non-zero since the
interaction symmetry about phosphorous sites in the crystal xz plane is destroyed due to the 
dependence on B0.
The data for 31P was collected for all three orthogonal crystallographic directions for Co
and Fe crystals (Figures 3.8-3.13), then analyzed and fit (Chapter 2, Section 4.4) by using Gaussian
lineshapes centered at shift (blue line) for each of the axis separately and then adjusted in the way
that all tensor components would be able to fit all three sets of data simultaneously. Some twinning
is seen with the Co crystal, and in this case the relevant data was extracted for the most intense
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peak. The tensors were diagonalized to obtain eigenvalues and their respective principal axes
(Table 3.1). Figures 3.14 and 3.15 show experimental peak positions shift in the xz plane and the
fit made with eq. 3.5 for LiCoPO4 and LiFePO4 respectively (also Figures 3.9 and 3.13). The large
isotropic shifts of 3000 ppm and 3820 ppm were observed for both of the crystals and are in
agreement with previous results.[32] Also through the fitting we observed that the largest offdiagonal component of the tensor was xz with values ±480ppm for LiCoPO4 and ±500 ppm for
LiFePO4, as was expected from the symmetry of the phosphorous site. The two distinct tensors
operating at phosphorus sites are represented in Figure 3.21, where the largest principle component
(P1) is shown lying in the xz plane, tilted away from the [100] direction by angle ψ. In our case
ψ=90o- θmax and is 45o and 35o for Co and Fe crystals respectively. It is important to note that this
paramagnetic principal axis lies roughly within the plane specified by the M-O3-P bond and is
responsible of the hyperfine interaction between phosphorus and the transition metal. It was also
found that P2 is oriented along [010], whereas P3 is in the xz plane. Principal axes and eigenvalues
are listed in Table 3.1
As for

31

P, following the procedure outlined in ref. [31], was estimated as 110 kHz for

LiCoPO4 and 128 kHz for LiFePO4. These results show that the LiFePO4 crystal experiences a
larger isotropic hyperfine interaction. These numbers correlate with previous results on LiMnPO4
single crystal, where As was found to be 142 kHz.[31]
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Table 3.1 31P tensor components for LiCoPO4 and LiFePO4. The tensor components ij are given
in units of ppm. The crystal axes are designated by usual conventions: x is along [100], y is along
[010], etc. Only one set of eigenvectors Pi is given, the other set is generated through a 180º rotation
about [001]. Both sets have identical eigenvalues.
LiMPO4

M = Co

Crystal frame
xx = 3000, yy = 2565,zz = 3000
xy = 0, yz = 0, xz = ±480

xx =4000, yy = 3380, zz = 3640
M = Fe

xy = 0, yz = 0, xz = ±500

Principal Axes (P1,2,3) and Eigenvalues
P1 = [0.71, 0, -0.71]

11 = 3480

P2 = [0, -1, 0]

22 = 2565

P3 = [0.71, 0, -0.71]

33 = 2520

P1 = [0.818, 0, 0.575]

11 = 4351

P2 = [0, -1, 0]

22 = 3380

P3 = [0.575, 0, -0.818]

33 = 3289
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Figure 3.8 Representative 31P resonances of a single crystals of LiCoPO4 rotated about
[100] as a function of rotation angle  between [001] and the magnetic field (0° ≤  ≤ 360°).
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Figure 3.9 Representative 31P resonances of a single crystals of LiCoPO4 rotated about
[010] as a function of rotation angle  between [001] and the magnetic field (0° ≤  ≤ 360°).
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Figure 3.10 Representative 31P resonances of a single crystals of LiCoPO4 rotated about
[001] as a function of rotation angle  between [010] and the magnetic field (0° ≤  ≤ 360°).
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Figure 3.11 Representative 31P resonances of a single crystals of LiFePO4 rotated about
[100] as a function of rotation angle  between [001] and the magnetic field (0° ≤  ≤ 360°).
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Figure 3.12 Representative 31P resonances of a single crystals of LiFePO4 rotated about
[010] as a function of rotation angle  between [001] and the magnetic field (0° ≤  ≤ 360°).
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Figure 3.13 Representative 31P resonances of a single crystals of LiFePO4 rotated about
[001] as a function of rotation angle  between [010] and the magnetic field (0° ≤  ≤ 360°).
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Figure 3.14 Resonance frequency of 31P in LiCoPO4 single crystal rotated about [010] as a
function of rotation angle  between [001] and the magnetic field (0° ≤  ≤ 180°).
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Figure 3.15 Resonance frequency of 31P in LiFePO4 single crystal rotated about [010] as a
function of rotation angle  between [001] and the magnetic field (0° ≤  ≤ 180°).
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3.3.1.2

7

Li NMR

In the case of 7Li NMR, the frequency is proportional to:
𝑣𝐿𝑖 ~𝑰 ∙ (𝑫 + 𝑨) ∙ 𝝌 ∙ 𝑩𝟎 + 𝑰 ∙ 𝑸 ∙ 𝑰

(3.7),

where Q is the interaction tensor between the 7Li electric quadrupole moment and the surrounding
electric field gradient (EFG).[33] The satellite transitions for the 7Li can be described by the
following first-order expression,
𝑣

𝛿𝑠𝑎𝑡 = 𝛿𝑠ℎ𝑖𝑓𝑡 ± (2𝑣𝑄 )[3𝑐𝑜𝑠 2 Θ(𝛼, 𝛽, 𝛾, 𝜃) − 1 − 𝜂𝑠𝑖𝑛2 Θ(𝛼, 𝛽, 𝛾, 𝜃)𝑐𝑜𝑠2Φ(𝛼, 𝛽, 𝛾, 𝜃)]
0

(3.8)

where 𝛿𝑠ℎ𝑖𝑓𝑡 is again given by eq. 3.5, 𝑣𝑄 is the quadrupole frequency (in terms of the coupling
3𝑄

3

𝑐𝑐
constant 𝑄𝑐𝑐 and nuclear spin: 𝑣𝑄 = 2(2𝐼−1)
= 𝑄𝑐𝑐 /2, for 𝐼 = 2, 𝑣𝑜 is the spectrometer reference

frequency, and  is the asymmetry parameter characterizing the EFG (here defined in terms of the
EFG principal components as 𝜂 = (𝑉𝑦𝑦 − 𝑉𝑥𝑥 )/𝑉𝑧𝑧 . Θ(𝛼, 𝛽, 𝛾, 𝜃)and Φ(𝛼, 𝛽, 𝛾, 𝜃)are the angles
specifying the direction of the EFG principal axis relative to the external magnetic field B0 and
crystallographic axes respectively (Chapter 2, Section 3.2).
Nine components of the shift tensor eq. 3.8 and EFG tensors (Vij) need to be specified.
Symmetry arguments will simplify the approach with ij = ji, Vij = Vji for i ≠ j and Tr(V) = 0.
The data for 7Li was collected for all three orthogonal crystallographic directions for Co
and Fe crystals and fit with eq. 3.8. In Figure 3.16-3.21 the blue line represents fitted shift (central
transition) and dash red lines represent 𝛿𝑠𝑎𝑡 (satellite transitions). Large positive shifts are
observed for orientations where [100] is parallel to B0 and negative shifts for orientations where
[010] is parallel to B0. The results are given in Table 3.2. It is practically found that the largest
paramagnetic component at lithium sites lies along [100], whereas the exact opposite 'diamagnetic'
component is directed along [010]. The average eigenvalue for LiCoPO4 is -106 ppm for LiFePO4
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is 20ppm and is much smaller compared to the phosphorous data. Without further analysis it is
difficult to conclude whether the shift is due to a Fermi contact or pseudocontact mechanism,
although there is some understanding that the highly covalent P-O bonds imply reduced hyperfine
interaction between Li and the paramagnet (As ~0).
Satellite transitions can be clearly observed for both crystals in rotation data sets about
[010] (Figure 3.17, 3.20). In case of LiFePO4, satellites are also observable for the data collected
around [100] (Figure 3.19). Quadrupolar splittings for the other rotations could not be resolved,
and it is concluded that a small electric field gradient is present at the Li site. Nevertheless, a basic
analysis using eqns. 3.7 and 3.8 give principal axes and eigenvalues in line with observations. All
spectra could be fit with the same set of Euler angles (α=21o, β=36o, γ=41o) due to the similarity
of the structure for the crystals. The corresponding quadrupolar coupling constants were found to
be 67 kHz for 65 kHz for Co and Fe crystals respectively. These results are compatible with
previous values.[32] The sign of the EFG cannot be obtained from these measurements due to the
symmetry of the first-order quadrupole interaction. However, if we use the sign convention (i.e.
Vxx, Vyy > 0 and Vzz < 0) and consider that Vzz is the directions characterized by the most negative
gradient direction, then the ‘easiest’ motion for a positively charged ion within the field gradient
will be along the crystal [010] direction. In this case both measurement and calculation of Li ion
transport in LiMPO4 are consistent and the [010] direction is identified as that which has the lowest
activation energy and highest ionic conductivity.[16, 18, 34]
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Table 3.2 7Li paramagnetic susceptibility tensor components. PS values are in units of ppm
LiMPO4

M = Co

Int.

PS

EFG

M = Fe

PS

EFG

Crystal frame

xx = 740, yy= -860, zz = -200
xy = 0, yz = 0, xz = 0
V11 = -0.122, V22 = -0.203, V33 = 0.324
V12 = -0.154, V13 = -0.373, V23 = 0.342

xx = 1140, yy = -1140, zz = 60
xy = 0, yz = 0, xz = 0
V11 = -0.123 , V22 -0.191,V33 =0.315
V12 = -0.151 , V13 = -0.356 , V23 = 0.338

Principal Axes & Eigenvalues

Same as crystal axes

E1 =[0.335, -0.766, 0.547] Vxx = -0.381
E2 = [0.831, 0.514, 0.211]

Vyy -0.311

E3 = [-0.444, 0.386, 0.81]

Vzz = 0.692

Same as crystal axes

E1 = [0.322, -0.772, 0.549] Vxx = -0.369
E2 = [0.840, 0.500, 0.211] Vyy = = -0.302
E3 = [-0.437, 0.393, 0.809] Vzz = 0.671
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Figure 3.16 Representative 7Li rotation plots (0° ≤  ≤ 360°) for LiCoPO4. Rotations are made
about [100] as a function of rotation angle  between [001] and the magnetic field direction.
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Figure 3.17 Representative 7Li rotation plots (0° ≤  ≤ 360°) for LiCoPO4. Rotations are made
about [010] as a function of rotation angle  between [001] and the magnetic field direction.
65

Nuclear Magnetic Resonance Studies on Lithium and Sodium Electrode Materials
for Rechargeable Batteries

Figure 3.18 Representative 7Li rotation plots (0° ≤  ≤ 360°) for LiCoPO4. Rotations are made
about [001] as a function of rotation angle  between [010] and the magnetic field direction.
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Figure 3.19 Representative 7Li rotation plots (0° ≤  ≤ 360°) for LiFePO4. Rotations are made
about [100] as a function of rotation angle  between [001] and the magnetic field direction.
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Figure 3.20 Representative 7Li rotation plots (0° ≤  ≤ 360°) for LiFePO4. Rotations are made
about [010] as a function of rotation angle  between [001] and the magnetic field direction.
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Figure 3.21 Representative 7Li rotation plots (0° ≤  ≤ 360°) for LiFePO4. Rotations are made
about [001] as a function of rotation angle  between [010] and the magnetic field direction.
69

Nuclear Magnetic Resonance Studies on Lithium and Sodium Electrode Materials
for Rechargeable Batteries

3.3.2 Linewidths
Magnetic anisotropy is also apparent in the widths of the resonance peaks. The full width
at half-maximum (FWHM) data of the

31

P and 7Li resonances for all crystallographic axes for

LiCoPO4 and LiFePO4 was recorded. The width change was analyzed and measured to be 27-68
kHz (~800-2000ppm) for the LiCoPO4 crystal and 10-69 kHz (~300-2000ppm) for the LiFePO4
for both 31P and 7Li measurements.
In Figure 3.22

31

P and 7Li FWHM are shown for LiCoPO4 and LiFePO4 crystals rotated

around [100]. Large broadening of the resonances are observed for orientations where [010] is
parallel to B0 and narrowing of the resonance peaks for orientations where [001] is parallel to B0.
The broadening of the peaks can be correlated to the change of the peak positions. For rotation
around [100] axis it was noticed that the narrowing of the peak occurs when the shifts are more
positive (~3000 ppm for 31P and ~0 ppm in 7Li) for both of the crystals. The peaks are broader
when they are experience negative shifts ~2600 ppm for 31P for both of the crystals and ~ -1000
ppm and ~ -2000 ppm in for 7Li in Co and Fe crystals respectively. It is important to mention that
the broadening of the signal can be correlated with the dipolar interaction, which can be found
from a dipole sum calculations from the positions of the atoms in the unit cell. This information
would be beneficial in understanding the anisotropic behavior of these crystals. Also the width of
the peaks can be affected by the structural disorder of the transition metal ions in the crystal. A
small displacement of some of the M (Co, Fe) atoms from their original position in the lattice can
lead to a redistribution of the dipolar couplings resulting in the broad lines and the asymmetric
shape which been observed before.[35]
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Due to the change of the shape of the resonances with respect to the magnetic field the
analysis of other sets of data becomes very complex. It is still possible to conclude that the
linewidth for the rotations around [010] and [001] is affected by dipolar interaction, hyperfine
interaction, quadrupole splitting and probably due to disorder of the transition metal in the lattice.

Figure 3.22 Representative linewidths rotation plots (0° ≤  ≤ 180°) for LiCoPO4 (left)
and LiFePO4 (right). Rotations are made about [100] as a function of rotation angle  between
[001] and the magnetic field direction for 31P and 7Li.
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O1
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O2

ψ

O3

P

Figure 3.23 Phosphate sites in a 4-unit cell of the LiCoPO4 olivine lattice structure of space
group Pnma. The view is along [010] with phosphorus (green), iron or cobalt (red), and oxygen
(O1, O2, O3) atoms given. The fourth oxygen atom of the phosphate tetrahedron is structurally
identical to O3 and directly behind O3 in this view. The largest paramagnetic principal axis is
shown in the plane as the double arrow for the two phosphate sites, oriented at ψ relative to the
[100] direction. Note that the arrow closely follows the line defined by the P-O3-M atomic
arrangement.[32]
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O1
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Li

Figure 3.24 Lithium sites in a 4-unit cell of the LiMPO4 olivine lattice structure of space group
Pnma. The view is along [010] with lithium (yellow), iron or cobalt (red), and oxygen (O1, O2,
O3) atoms given. The largest paramagnetic principal axis at the Li atom is shown in the x-z plane
as the double arrow along [100].[32]
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3.4 Conclusion
This 7Li and 31P NMR study of LiCoPO4 and LiFePO4 single crystals provides the most indepth study to date of the local magnetic structure about lithium and phosphorus sites. A
paramagnetic interaction tensor for

31

P is constructed from the paramagnet-nuclear dipolar and

contact contributions. Other contributions including cs are considered negligible in this analysis.
Even though the primary terms remain unseparated including the susceptibility, a description of
the magnetic environment can be made. The average of the tensor eigenvalues for LiCoPO4 are
2855ppm and 3673ppm for LiFePO4. Concerning the PAS of the phosphorus environment, the
large paramagnetic principal axis is oriented towards the P-O3-M line with angle 45o and 35o for
Co and Fe crystals respectively. This result seems reasonable since the normal to the plane defined
by O3-P-O3 is tilted away from the [100] direction towards the [001] direction by roughly 40º. It
is noted that the net interaction is a combination of the two tensors D and g-1 (through-space and
through-bond components respectively) that may not be entirely coincident.
For 7Li the largest paramagnetic principle axis is going along [100] direction and the
average eigenvalues are -106 ppm for LiCoPO4 and 20ppm for LiFePO4, which is much smaller
compared to the

31

P value. This is a confirmation of the differences between mechanisms

governing the fields generated at phosphorus and lithium sites. On the other hand, consideration
of the similar  dependences for the width of the

31

P and 7Li peaks, suggests a phenomenon

common to both nuclei. The verification of the EFG components and their possible connection to
ionic transport, already known to be strongly anisotropic and largely along [010], would be of
fundamental interest.

74

Nuclear Magnetic Resonance Studies on Lithium and Sodium Electrode Materials
for Rechargeable Batteries
Single crystal NMR provides a very precise and local probe of atomic and magnetic
structure, which can serve to validate electronic structure calculations for these crystals and predict
electronic and ionic transport properties.
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Chapter 4
7

Li and 6Li Magic Angle Spinning Nuclear Magnetic Resonance
Spectroscopy on Li2MnO:LiMO2 (M = Mn, Ni, Co)

Abstract
Solid-state nuclear magnetic resonance spectroscopy was employed to obtain detailed
information on lithium environments for Li2MnO3:LiMO2 (M = Mn, Ni, Co) compounds. These
layered-layered composites have applications as cathode materials in the lithium battery industry
due to their potential high specific capacity. However, electrodes prepared with this composite
oxide provide comparatively low cycle life and poor rate capability particularly at reduced
temperature. The molten salt process has been shown to be a facile and in principle highly scalable
and low-cost method to prepare the class of Li2MnO3-LiMO2 high specific capacity lithium-ion
battery cathodes. In this study we used both 7Li and 6Li magic angle spinning NMR to understand
the effect of molten salt flux on the synthesis of these cathode materials. We report here on the
effect of LiCl as a flux during co-firing of the parent compounds, which leads to much improved
electrochemical performance.
The NMR data strongly suggest that the post-fired Li2MnO3-LiMO2 with LiCl flux forms
a true solid solution rather than a phase separated nanocomposite, given that the latter should likely
retain similar Li environments to those of the parent compounds. The Li site distribution suggests
a disordered Li environment, which is likely due to the interdiffusion of Li between the previously
distinct phases of the parent compounds. This distribution is correlated with enhanced
electrochemical performance.
76

Nuclear Magnetic Resonance Studies on Lithium and Sodium Electrode Materials
for Rechargeable Batteries

4.1 Introduction
4.1.1 Context
Li-ion battery cathode materials based on Li2MnO3 – LiMO2 (M = Mn, Ni and Co) have
attracted much attention because they can offer high specific capacity of up to 280 mAh/g between
4.7 and 2.0 V.[36] However, these cathode layered-layered oxide (LLO) compounds are not used
commercially due to their performance limitations such as comparatively low rate and negligible
practical capacities at temperatures below 0 ºC.[37]
Usually LLO are prepared by sol-gel or co-precipitation of the metal hydroxides, followed
by high temperature co-firing with lithium hydroxide.[38, 39] Both of these approaches require
the decomposition of the lithium precursors which leads to cation disorder between the lithium
and transition metal sites and results in substantial degradation of cathode performance particularly
with regard to reduced rate capability.
An alternative synthesis route was developed to prepare Li2MnO3–LiMO2 composite oxide
cathode materials by way of firing the parent compounds Li2MnO3 and LiMO2 (selected as
LiMn0.33Ni0.33Co0.33O2) with molten salt flux LiCl.[36, 40] Unlike other synthesis methods, this
approach requires no precursor decomposition and by varying independently and specifically the
stoichiometry of the two phases, the final layered-layered composition can be tailored.
Until now, there has been an ongoing debate about the structure of these LLO materials.
Some groups argue these cathode systems are true solid solution of Li2MnO3 and LiMO2 while
others show evidence that this is a phase-separated nanocomposite.[41-44] The structure of the
final compound depends on the synthesis route. The analysis of the evolution from simple mixtures
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of the parent compounds to the final LLO product will shed some light on the understanding of
the formation of this complex crystallographic system (Figure 4.1).

Figure 4.1 Li2MnO3–LiMO2 composite oxide cathode material prepared by firing the parent
compounds Li2MnO3 and LiMO2 (selected as LiMn0.33Ni0.33Co0.33O2) with molten salt flux LiCl.
The structure of the final compound depends on the synthesis route.

4.1.2 Previous characterization
Electron microscopy, half-cell charge/discharge tests, electrochemical impedance
spectroscopy (EIS) and X-ray diffraction measurements have been performed by our collaborators
at NASA’s Jet Propulsion Laboratory to understand the effect of the LiCl flux on the structure of
the final compound prior to NMR measurements.
The XRD patterns for the post-fired composite metal oxide Li1.2Mn0.53Ni0.13Co0.13O2 which
is stoichiometric equivalent to the 1:1 molar ratio of the Li2MnO3:LiMn0.33Ni0.33Co0.33O2 parent
compounds, show the highest degree of splitting between the (006)/(102) and (108)/(110)
diffraction peaks for two samples fired with the presence of the LiCl flux (Figure 4.2). The relative
amount of splitting between these diffraction peaks represent the cation disorder between the
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lithium and transition metal sites.[43, 45] These results suggest that Li1.2Mn0.53Ni0.13Co0.13O2 fired
with LiCl flux have higher crystallinity quality of the resultant layered-layered metal oxide.

Figure 4.2 X-ray diffraction patterns of samples of 1:1 (molar basis)
Li2MnO3:LiMn0.33Ni0.33Co0.33O2 after firing 6 hours at 1000 ºC with LiCl flux, after firing 48
hours at 800 ºC with LiCl flux and after firing 48 hours at 800 oC with no LiCl flux.
Moreover, the morphology of the post-fired material after 48 hours at 800 ºC and 6 hours
at 1000 oC in the presence of LiCl flux shows well-defined octahedral microstructure (Figure 4.3).
The electrochemical measurements revealed the significant improvement in the specific
charge capacity in cathodes prepared by firing the parent compounds with the LiCl flux. Figure
4.4 shows that Li1.2Mn0.53Ni0.13Co0.13O2 after firing for 48 hour at 800 ºC without LiCl flux has

79

Nuclear Magnetic Resonance Studies on Lithium and Sodium Electrode Materials
for Rechargeable Batteries
specific charge capacity of 110 mAh/g, while the Li1.2Mn0.53Ni0.13Co0.13O2 cathode prepared by
firing for 48 hour at 800 ºC with the LiCl flux exhibits specific charge capacity of 280 mAh/g.
800ºC + LiCl

1000 ºC + LiCl

Figure 4.3 Scanning electron microscopy images of the material fired at 800 ºC and 1000 oC in
presence of the LiCl flux.

Figure 4.4 First charge and discharge at C/5 rate of a coin cell of
Li2MnO3:LiMn0.33Ni0.33Co0.33O2 after firing for 48 hours at 800 ºC without and with LiCl flux.
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The electrochemical performances of the samples with and without molten salt flux vary
quite significantly, and are consistent with the XRD and SEM data suggesting more favorable
crystallography. But it does not explain the improvement of the electrochemical performance with
use of the molten salt flux and how it affects the local structure of the final LLO compound.
The next step of this study was to employ solid state nuclear magnetic resonance
spectroscopy, a well-known tool for probing local structure, dynamics and magnetic phenomena
in a wide variety of ordered and disordered materials. In this regard, 6,7Li NMR is often employed
to study lithium containing battery materials (electrodes, electrolytes, etc.), as it provides much
information concerning the distributions of lithium sites. The interpretation of lithium spectra of
battery materials can be complicated due to the combination of chemical shift anisotropy (CSA),
electric quadrupolar and paramagnetic interactions. However, greater resolution of the lithium sites
can be obtained through the use of magic angle spinning. This has been extensively demonstrated
using 6,7Li NMR for several paramagnetic lithium-ion cathode materials. [46, 47] The goal of this
study is to identify and quantify the various lithium sites in cathode materials prepared from the
Li2MnO:LiMO2 (M = Mn, Ni, Co) system.

4.2 Experimental
Powdered samples were provided by JPL NASA Laboratory, California Institute of
Technology in collaboration with University of Puerto Rico, Department of Chemical Engineering.
The parent compound Li2MnO3 was prepared by dissolving stoichiometric amounts of lithium
acetate dihydrate (Alfa Aesar) and manganese acetate tetrahydrate (Sigma Aldrich) in deionized
water, followed by drying and fired at different temperatures. The other parent compound,
LiMn0.33Ni0.33Co0.33O2 (Quallion), was used as-received.
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Samples of the two lithiated metal oxide parent compounds were manually mixed at room
temperature in a 1:1 molar ratio and fired for various durations and firing temperatures, with and
without the LiCl flux. Following firing, the LiCl flux was removed by rinsing in deionized water.
The absence of LiCl in the final compound was verified by in situ XRD.
NMR measurements were performed on a Varian-S Direct Drive 300MHz spectrometer
operating at 117.1 MHz and 44.4 MHz for 7Li and 6Li respectively. Powdered samples were
packed into hermetically sealed 3.2 mm and 1.6 mm zirconia rotors, where the larger volume rotor
was practical for the 6Li studies. Spectra were recorded under ambient laboratory conditions and
at spinning rates between 17-36 kHz. Free-induction decays (FIDs) were obtained using a phase
cycled π/2 pulse – acquire sequence, and echos were acquired using a typical phase cycled solidecho pulse sequence (π/2 pulse – τ – π/2 pulse – τ – acquire). We used π/2 pulse widths of 3 µs for
7

Li and 4.2 µs for 6Li, and recycle delays of 0.25-1 s in order to avoid signal saturation. The values

of τ were chosen such that the signal acquisition was properly synchronized with the spinning rotor
(τ = 1/spinning frequency). Depending on the sample, about 10k to 50k transients were signal
averaged before processing. The spectral frequency scale in the corresponding figures, as given in
the normalized units of ppm, is relative to 7Li signal of aqueous 1 molar of lithium triflate
(LiCF3SO3= 0 ppm).
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4.3 Results and Discussion
4.3.1 Technical considerations
In this study, both 7Li and 6Li MAS NMR spectroscopy was employed to understand the
effect of molten salt fluxes on the synthesis of Li2MnO3-LiMO2 cathodes.

6,7

Li NMR spectra of

paramagnetic lithium-ion cathode materials are primarily affected by unpaired electrons of the
paramagnets (magnetic susceptibility and contact interactions) and, to a smaller degree, 1 st-order
quadrupolar effects on the satellite transitions. Although 7Li has the much higher natural
abundance (93%) and gyromagnetic ratio, 6Li, characterized as magnetically dilute with a lower
gyromagnetic ratio and a much smaller quadrupole moment, can yield highly resolved spectra that
are easier to interpret. Figure 4.5 illustrates this for Li2MnO3 :Li[Ni1/3Mn1/3Co1/3]O2 (after firing
48 hours at 800oC with no LiCl flux) where the breadth of the interaction is much larger than the
MAS frequency. As is shown, the 7Li spectrum (bottom) produces a large number of intense
spinning side-bands in comparison to the 6Li spectrum (top). The ability to extract the isotropic
shifts from the 7Li spectrum is hindered by the overlapping sideband manifolds. By comparison,
due to the smaller interactions, the 6Li spectrum is greatly simplified and the isotropic peaks are
confirmed. For the same reasons it is advantageous to obtain a full 7Li sideband envelope in order
to analyze the anisotropic distribution, as this will provide information regarding the coordination
symmetry of associated lithium environments.
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Figure 4.5 A comparison of the spectra for the Li2MnO3 :Li[Ni1/3Mn1/3Co1/3]O2 after
firing 48 hours at 800oC with no LiCl flux obtained with 6Li and 7Li MAS NMR, with spinning
speed of ~23kHz. 7Li spectrum produces a large number of spinning side-bands and provides
information regarding the coordination symmetry of associated lithium environments. 6Li
spectrum has much simpler side-band manifold which makes it easier to extract the isotropic
shifts.

4.3.2 Parent compounds
4.3.2.1

Li2MnO3

The parent compound Li2MnO3 was studied with 6Li MAS NMR at various spinning
speeds (Figure 4.6). Two characteristic shifts of this structure can be identified and compared to
the hyperfine shift scale in accordance to the literature.[46, 48] The shift at ~700ppm is due to
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lithium sites within Li-layers and the shift at ~1400 ppm arises from lithium sites within Mn/Li
layers. The other peaks in these spectra are spinning sidebands.

Figure 4.6 6Li MAS NMR spectra of the Li2MnO3 at spinning speed of 17 kHz, 22 kHz and 25
kHz. The two isotropic shifts are marked and represent the local environment in the Mn/Li layers
and tetrahedral lithium site respectively. All other peaks are spinning sidebands caused by
dipolar coupling.
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Close examination of the spectra in Figure 4.6 reveals an incidental temperature dependent
shift due to friction between the rotating rotor sleeve (containing the sample) and the surrounding
air. This is a well-known Curie-Weiss phenomenon, encountered for paramagnetic materials, and
generally results in the observation of more negative shifts with increased spinning rates. The
effect, although observed for both environments, is more pronounced for the Mn-layer peak at
~1400 ppm. Such effects have been observed in lithium manganese oxides by other groups.[49]
The chemical shift values provide information about specific lithium environments while
the peak areas (isotropic peak + associated sidebands) are proportional to the fraction of lithium
species in those specific environments. For example, the stoichiometry of the parent material
Li2MnO3 can be reformulated as Li[Li1/3Mn2/3]O2 with theoretical ratio of lithium sites (Lilayer)/(Mn-layer) = 0.75/0.25. From the 6Li spectrum recorded at a spinning rate of 22 kHz (where
the best peak separation is observed), a Li/Mn ratio is measured as 0.77/0.23, thereby confirming
the structure and the stoichiometry in this compound.

4.3.2.2

Li(Ni1/3Mn1/3Co1/3)O2

Figure 4.7 shows the 6Li spectrum of the LiMn0.33Ni0.33Co0.33O2 parent compound and the
broad isotropic distribution, characteristic of LiMn0.33Ni0.33Co0.33O2 reported by other groups,
centered around 500 ppm.[50, 51] The relatively narrow peak at 0 ppm indicates some phase
separation, i.e. LiCoO2-like diamagnetic (due to Co3+) environments. The presence of diamagnetic
impurities, as the possible source of the 0 ppm signal, cannot be ruled out.
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Figure 4.7 6Li MAS NMR spectrum of Li[Ni1/3Mn1/3Co1/3]O2 acquired at 22 kHz. The broad
Gaussian distribution centered at 500 ppm and peak at 0 ppm shows “LiCoO2“-like lithium
environment.

4.3.3 Final compound Li2MnO:LiMO2 (M = Mn, Ni, Co)
In order to understand the effect of LiCl flux on the Li2MnO:LiMO2 system, 6Li MAS NMR
spectra were collected at 23 kHz for the sample without LiCl flux and two other samples that were
co-fired with molten salt at 800oC for 48 hours and 1000oC for 6 hours (Figure 4.8). The spectrum
for the untreated sample shows three isotropic shifts at 0 ppm, 700 ppm and 1400 ppm. As
explained above, these isotropic peaks were observed in the parent compounds and represent
lithium in diamagnetic phase (LiCoO2-like lithium environment), Li- and Mn-layered
environments, respectively. Because of different NMR sensitivities, due perhaps to different spinspin relaxation times of the parent compounds, the LiMO2 phase does not appear clearly in this
spectrum and baseline correction. After LiCl treatment, in addition to these 3 sites, a new site
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around 500 ppm, different in appearance from the broad site distribution observed in the parent
LiMO2, may be seen. As was mentioned before, the spinning sidebands in the MAS NMR provide
information of the coordination symmetry for lithium environments. Figure 4.8 shows that for the
isotropic shift at 1400 ppm the side-band manifold (marked as ‘*’) is distributed asymmetrically,
confirming that the pattern is governed by an anisotropic chemical shift interaction characteristic
of the coupling between Li and Mn ions in the Mn layer site. On the other hand, the side-band
manifolds for resonances at 700 ppm and 500 ppm (marked as ‘0’ and ‘=’ respectively) represent
different geometric arrangements around Li ions and have a more symmetrical shape, in part
because the Li-Mn distances are larger and ions are arranged more symmetrically around the Lilayer site. This smaller dipolar coupling can be used as a signature for the tetrahedral site in these
compounds. These assignments were confirmed by 7Li results (Figure 4.8). In addition to the new
~500 ppm site, the ~700 ppm site is much broader in the LiCl treated samples than in the untreated
one, indicating a correspondingly broad distribution of environments. In fact the integrated
intensity in this region is rather larger than in the untreated material. These general features are
observed even in the 800 oC for 48 hours LiCl-fired sample, but are clearly more apparent in the
1000 oC for 6 hours material.
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Figure 4.8 6Li MAS NMR spectra at 23kHz of the Li2MnO3 :Li[Ni1/3Mn1/3Co1/3]O2 a) after
firing 48 hours at 800oC with no LiCl flux, b) after firing 48 hours at 800oC with LiCl flux, c)
after firing 6 hours at 1000oC with LiCl flux. The isotropic shifts at ~0 ppm, ~500 ppm, ~700
ppm and ~1400ppm were identified as LiCoO2-like lithium environment, two tetrahedral Li sites
and Mn-layered octahedral environments respectively.
To identify the supplementary site of the Li2MnO3–LiMn0.33Ni0.33Co0.33O2, 6Li MAS NMR
with different spinning speeds were performed (Figure 4.9). For the spinning speed of 17 kHz it is
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difficult to see all the resonances in 6Li spectrum and some of the weaker peaks are obscured due
to the overlapping of the sidebands originated from the more intense resonances. Higher spinning
speed gives better resolution of the NMR spectra and new peaks can be identified, such as the peak
at 500 ppm. Figure 4.9 illustrates the broad distribution from 0 to 1000 ppm, which is the evidence
of the presence of the disordered chemical environment in the Li layer sites.

Figure 4.9 Comparison of the 6Li MAS NMR spectra of the Li2MnO3:Li[Ni1/3Mnx1/3Co1/3]O2
at 17 kHz, 20 kHz and 23 kHz spinning speeds after firing 6 hours at 1000oC with LiCl flux.
Higher spinning speed of 20 kHz and 23 kHz give a better resolution to the NMR spectra and a
new peak at 500 ppm can be identified as tetrahedral Li site.
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In summary, the NMR study confirm that Li resides in two sites for the Li2MnO3 (in the
Li-and Mn-layer sites) and one location broadly distributed Li-layered configuration for the
LiMn0.33Ni0.33Co0.33O2. These results have been previously reported. [52, 53] Following the molten
salt synthesis, the lithium environment in the post-fired material clearly becomes more disordered.
Towards the debate of whether the Li2MnO3–LiMO2 system is a phase separated nanocomposite
or true solid solution of the parent compounds, the NMR data strongly suggests the latter case,
given that phase separated composites should likely retain the similar Li environment of the parent
compounds, which is contrary to the post-firing NMR data herein. Rather, the disordered Li
environment is likely due to easier diffusion facilitated by the molten salt of Li into the transition
metal layers as is known to exist for the final product of Li1.2Mn0.53Ni0.13Co0.13O2.

4.4 Conclusion
Using solid-state NMR studies, the local lithium environment of the parent compounds and
the post-fired compounds were examined. The NMR data strongly suggests that the post-fired
Li2MnO3-LiMO2 forms a true solid solution rather than a phase separated nanocomposite, given
that the latter should likely retain the similar Li environment of the parent compounds, which is
contrary to the post-firing NMR data. Rather, the disordered Li environment is likely due to the
diffusion of Li into the transition metal layers as is known to exist for the final product of
Li1.2Mn0.53Ni0.13Co0.13O2.
Aside from the simplicity and scalability of this new approach, the molten salt flux
synthesis allows for varying the synthesis temperature across a wide temperature span since the
approach does not necessitate the decomposition of any precursors.

91

Nuclear Magnetic Resonance Studies on Lithium and Sodium Electrode Materials
for Rechargeable Batteries

Chapter 5
Nuclear Magnetic Resonance Studies of Sodium Titanate Anode Materials for
Na-ion Batteries
Abstract
The electrochemical properties of materials derived from NaTi3O6(OH)•2H2O (NNT) have
been investigated recently by our collaborators at LBNL.[54] It was found that these materials can
reversibly intercalate both lithium and sodium electrochemically, which makes them a promising
alternative to conventional electrode materials for alkali metal-batteries.
In order to characterize the local structure of these materials, we have undertaken a series
of NMR measurements. Both high resolution MAS as well as static NMR spectra were collected,
the reason for the latter being to observe detailed nuclear quadrupole splittings and lineshapes
which are very sensitive to small local structural variations. 23Na and 1H NMR were performed on
NNT and dehydrated NNT and showed significant difference in spectra for these two compounds.
Na environments in dehydrated NNT showed well-defined second-order quadrupolar lineshapes
which were used to calculate the quadrupolar interaction parameters. 1H NMR indicated a
significant drop in signal intensity attributes to the release of interlayer water molecules in the
material.
To correlate local structure with electrochemical performance, MAS and static 23Na NMR
spectra were collected for the cathode materials harvested from Li and Na half-cells in which the
samples were submitted to different cycling conditions.

92

Nuclear Magnetic Resonance Studies on Lithium and Sodium Electrode Materials
for Rechargeable Batteries

5.1 Introduction
5.1.1 Context
Renewable energy sources are the future of our highly technological society. Energy
storage devices, such as lithium-ion batteries, showed successful applications in small electronics,
as well as in several hybrid and fully electric cars [55], but the efforts continue to be directed
toward more affordable alternatives for large scale applications. Recent attention has been focused
on sodium-ion systems due to their attractive cost and the higher availability of the raw
materials.[56, 57]
In ion-battery technology, the amount of energy that an active material can store is directly
proportional to the amount of cations that it can accept or deliver and the voltage at which redox
reactions take place. In commercial Li-ion devices graphite is the most common anode material,
due to its combination of high capacity (300+ mAh/g), durability, and a voltage of operation close
to that of the alkali metal electrodes. However, carbonaceous materials general exhibit poor
characteristics for a sodium intercalation.
The electrochemical energy storage capacity of Ti-containing oxides may be an attractive
alternative to carbon because of their density, high rate capability, cost and the ability to intercalate
cations other than Li+.[58-62] Recent works from LBNL showed that a new layered titanate phase,
derived from the NaTi3O6(OH)•2H2O structure, is capable of reversibly intercalating both Li and
Na at very low potentials.[54] In this material, the titanate layers, where TiO6 octahedra form twodimensional structures, are negatively charged, and positively charged species such as alkali metal
cations (Li+, Na+, K+, Rb+, Cs+) or protons (H+) are located in the galleries. To improve the
performance and properties of this material, it is possible to tune the interlayer distance of the
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layered titanate and make it ideal for a number of applications including ion-exchange, nuclear
waste clean-up, and photocatalysis.[63-66] Based on reduction of all of the Ti4+ ions to Ti3+, it was
predicted that the capacities for the dehydrated version of NaTi3O6(OH)•2H2O might be as high
as 300 mAh/g.
The present work focuses on NaTi3O6(OH)•2H2O (sodium nonatitanate or NNT) and its
dehydrated form (anhNNT) obtained after the irreversible removal of water at 600oC. We first
used multinuclear (1H, 23Na, 7Li) solid-state MAS NMR to study the local structure of NNT and
anhNNT. Furthermore, 7Li and 23Na NMR was also used to evaluate structural and compositional
changes of the materials when used as cathodes in Li and Na half cells.
Prior to this NMR study, the structural change of NNT during dehydration were extensively
investigated by our collaborators from LBNL using several analytical techniques. The
electrochemical properties of these materials in Li and Na half cells were also investigated. These
previous results are summarized below.

5.1.2 Previous characterization
NNT and anhNNT compounds were analyzed by X-ray diffraction (XRD), scanning
electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDS), Fourier transform
infrared spectroscopy (FTIR) and Raman spectroscopy.[54]
The structure of the NNT and anhNNT at first was analyzed by XRD and the lattice patterns
were obtained. XRD diffractograms revealed that the parent compound (NNT) has a corrugated
layered structure consisting of (Ti6O14)4- units with hydrated sodium cations and protons in the
interlayer spaces. The dehydration of the NNT causes a sharp drop in the intensity of the peak that
represents the interlamellar water molecules and the sodium atoms connected to them. Due to the
irreversible loss of water, the sodium atoms move closer to the titanium-containing layers and the
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interlayer distances become smaller and connecting bonds between the octahedral layers form.
FTIR measurements indicated that in anhNNT the interlamellar water was removed and the TiOH bonds were modified. Additional information on the structural changes that accompany the
dehydration of NNT was obtained from Raman spectroscopy, which showed significant changes
in the bond length and coordination number of the structural water groups atoms for the annealed
samples.
Taking into account all these structural changes of the sodium nonatitonates, the structure
of the dehydrated NNT sample was suggested (Figure 5.1).

As-made NNT

Dehydrated NNT

Figure 5.1 Crystal structure of as-made NaTi3O6(OH)•2H2O material (left picture). TiO6
octahedra are in blue, yellow spheres are Na+ ions, red spheres are O2- ions dark and light blue
spheres are H2O groups coordinated to Na+, and grey spheres are OH- groups connected to Ti4+.
Predicted structure of the dehydrated NNT phase (right picture) after removal of the structural
water shows a possible formation of Ti-O-Na or Ti-O-H bonds between layers. The yellow
spheres represent Na+ or H+.[54]
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Figure 5.2 SEM images of (a) as-made and (b) dehydrated NNT.[54]

Despite all the structural changes observed by previous methods, SEM showed that the
morphologies of NNT and anhNNT seem very similar (Figure 5.2).
The electrochemical measurements indicated that on the first cycle the discharge capacity
was about 220-250 mA/g for as-made and dehydrated Na half-cells. On the next cycle the as-made
NNT showed poor reversibility and the specific capacity dropped to 50 mAh/g, compared to 125
mA/g for the dehydrated sample. NNT and anhNNT for the Li ion display large initial discharge
capacities of about 400mA/h that drops to 150 mAh/g for the next cycle. The reversibility showed
similar behavior for the both Li NNT electrodes.
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NNT vs. Na /Na

NNT vs. Li /Li

Anhydrous NNT vs.
+
Na /Na

Anhydrous NNT vs.
+
Li /Li

Figure 5.3 Voltage versus specific capacity profile for the as-made and the dehydrated
samples in Na half-cells and Li half-cells cycled between 1.5 and 0.1 V at 0.15 mA/cm2 (30
mA/g). [54]

97

Nuclear Magnetic Resonance Studies on Lithium and Sodium Electrode Materials
for Rechargeable Batteries

5.2 Experimental
Powdered samples were provided by Mona Shirpour and Marca Doeff from Environmental
Energy Technologies Division, Lawrence Berkeley National Laboratory. NaTi3O6(OH)•2H2O,
also known as sodium nonatitanate, was synthesized hydrothermally as previously described in the
literature.[66] The heat treatment was performed on hydrated NNT in order to remove the
structural water between layers and allow for possible of Ti-O-Na or Ti-O-H bonds.
Electrodes containing as-made NNT in Na and Li half-cells were made and cycled between
1.5 and 0.1 V at 0.15 mA/cm2. The anode in a Na half-cell was made by extruding dry sodium
sticks into thin foils and for Li half-cell commercial lithium foils were used. Composite working
electrodes were prepared by making a slurry of 70 wt% of the sodium titanate. 25 wt% acetylene
black and 5 wt% polyvinylidene difluoride binder in N-methyl-2-pyrrolidinone. The slurry was
cast onto carbon coated aluminum foil for sodium and on copper foil for lithium half-cell. The
electrolyte used for sodium cells was a solution of NaPF6 in ethylene carbonate–dimethylene
carbonate (EC : DMC) 3 : 7 mol and commercially available LiPF6 in EC–DMC 1 : 2 for Li halfcells.
1

H, 7Li, and 23Na static and magic angle spinning nuclear magnetic resonance spectroscopy

were used in order to obtain detailed information on the chemical environments. NMR
measurements were performed on three spectrometers with different magnetic fields to determine
the quadrupolar parameters of the various sodium sites:


A Varian-S Direct Drive 300 (7.1 T) spectrometer, with a 1.6 mm probe was tuned to
1

H frequency of 301.4 MHz, 7Li frequency of 117.1 MHz and 23Na frequency of

79.7 MHz.
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A Bruker Avance III HD 400 (9.4 T) spectrometer, with 4 mm probe was tuned to 23Na
frequency of 105.9 MHz.



A Varian/INOVA 500 (11.7 T) spectrometer was used with 4 mm probe and tuned to
23

Na frequency of 132.2 MHz.

Powdered samples were packed into hermetically sealed 1.6 mm and 4 mm zirconia rotors
in an Ar-filled glovebox and spectra were recorded at spinning rates ranging from 10 to 35 kHz at
a room temperature. Free-induction decays (FIDs) were obtained using a phase cycled π/2 pulse –
acquire – recycle delay sequence, and echoes were acquired using a typical phase cycled solidecho pulse sequence (π/2 pulse – τ – π/2 pulse – τ – acquire). We used π/2 pulse widths of 3 µs for
1

H and

23

Na, and 1.7 µs for 7Li, and τ was synchronized with respect to the spinning speed.

Depending on the sample, recycle delays of d1=1-45 s were used to avoid the saturation of the
signal and about 10k to 50k FIDs were signal-averaged before processing. The spectral frequency
scales in the corresponding figures are given in the normalized units of ppm, where relative 7Li
shifts were referenced to 1M lithium triflate aqueous solution, 23Na to 1M NaCl aqueous solution
and 1H to TMS (Tetramethylsilane solution C4H12Si).
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5.3 Results and Discussion
5.3.1 NNT and anhydrous NNT cathode materials
23

Na is a quadrupolar nucleus with a non-integer spin I = 3/2. In sodium NMR

measurements the isotropic chemical shift position can be affected and displaced due to quadrupole
effects. The quadrupole interaction complicates the interpretation of the NMR spectra but is
sensitive to the local symmetry of the studied nucleus and is thus a potentially valuable source of
structural information. The MAS NMR spectra with narrow resonances result from the
symmetrical Na environments with ηQ (which reflects the anisotropy of the quadrupolar tensor)
values are which are close to zero. Less symmetrical Na environments show well-defined secondorder quadrupolar lineshapes and can be used to find the quadrupolar interaction parameters.[67]
The 23Na NMR spectra of hydrated NNT have lineshapes and chemical shifts which are
influenced by the sodium mobility which in turn reflects the state of hydration of the Na. [68] The
linewidths of hydrated Na+ in hydrated NNT is relatively narrow, but on dehydration they broaden
and shift to more negative values (Figure 5.4). The broad lineshapes of dehydrated NNT result
from

overlapping

second-order

quadrupolar

patterns

of

sodium

ions

localized

at

crystallographically distinct sites, and if they can be resolved, they have the potential to provide
useful structural information. MAS averages the chemical shift anisotropy and dipolar interactions
but is not able to completely average the second-order quadrupolar broadening.[69] The linewidth
and lineshape of spectra showing second-order quadrupolar pattern depends on the quadrupolar
coupling constant Qcc, the asymmetry parameter ηQ and the external magnetic field. For this reason,
NMR measurements at three different magnetic fields have been used to resolve the

23

Na NMR
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spectra of dehydrated NNT and determine the quadrupolar parameters of the various sodium sites
(Figure 5.5).
It is assumed that the spinning frequency is much higher than width of the central transition.
To find these parameters, we used the so-called quadrupole-induced shift QIS.[70] It is a shift of
the center of the gravity of the line 𝛿𝐶𝐺 with respect to the true isotropic chemical shift 𝛿𝑖𝑠𝑜 and it
is define by the following equation:

𝑄𝐼𝑆(𝑝𝑝𝑚) = 𝛿𝐶𝐺 − 𝛿𝑖𝑠𝑜 = −𝐷 (

Where D= 25000 for Na nucleus and 𝑣𝑧 =

𝛾𝐵0
2𝜋

2
𝑄𝑐𝑐
𝜂2
)
(1
+
)
𝜈𝑧2
3

.

Qcc and 𝛿𝑖𝑠𝑜 were determined by plotting the position of the center of the gravity 𝛿𝐶𝐺 (in
ppm) against 𝜈𝑧−2. Further, these parameters were used for the optimization of the simulation of
the NMR spectra for anhydrous NNT for three different magnetic fields. Fitting parameters for the
quadrupolar interaction were found to be Qcc = 2.9 MHz and ηQ = 0.
In order to fit the anhydrous compounds, besides the quadrupolar interaction, another peak
was introduced at 0 ppm. It can be seen from the Figure 5.5 that the width of this peak depends on
the magnetic field and has values of 490 Hz, 536 Hz and 824 Hz for 7.1 T, 9.4 T and 11.7 T,
respectively.
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Figure 5.4 23Na MAS NMR spectra of the NaTi3O6(OH)•2H2O and anhydrous compounds at
spinning speed of 35 kHz on a 7.1 T spectrometer. These spectra show clearly different
environments for these two structures.
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Figure 5.5 Comparison of the 23Na MAS NMR spectra and their fittings of anhydrous
NaTi3O6(OH)•2H2O at three different magnetic fields – 7.1 T, 9.4 T and 11.7 T.
Further, NaTi3O6(OH)•2H2O anode materials where studied by the proton MAS NMR. 1H
NMR spectra of as-made NNT and dehydrated NNT materials arise from the interlayer water
molecules in the material. The NaTi3O6(OH)•2H2O compound shows an intense signal with large
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chemical shift anisotropy due to the interlayer water for 1H NMR at 25 kHz. After the high
temperature treatment, the proton signal drops significantly and demonstrating that most of the
water has been driven out but there are residual interlayer protons (Figure 5.6).

Figure 5.6 1H MAS NMR spectra of the NaTi3O6(OH)•2H2O and anhydrous compound at
spinning speed of 25 kHz on a 7.1 T spectrometer. The dehydrated sample has a weak peak (Δδ
= -2.7 ppm) consistent with presence of residual interlayer protons.

5.3.2 Electrodes containing as-made NNT in Na and Li half-cells
Li and Na MAS NMR studies were performed on the electrode materials containing asmade NNT in Na and Li half-cells. These cells were discharged to 0.1 V, recharged to 1.5 V or
cycled 15 times. The schematics of the half-cell can be seen on Figure 5.7. It is important to
mention that NNT compounds in half-cells were used as a cathode material, where in a full cell it
will play a role of the anode material. Due to the ambiguity, we will use
intercalation/deintercalation instead of charge/discharge description.
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Figure 5.7 Schematics of the M-half cell (M = Li, Na).
7

Li MAS NMR spectra at spinning speed of 35 kHz of the cycled electrodes in Li half-cells

show the strong Li signal for all three samples. After intercalation of Li for electrode discharged
to 0.1V, deintercalation of Li for electrode recharged to 1.5V and electrode cycled 15 times, only
a very slight difference between Li environments can be observed (Figure 5.8). In this case, 7Li
NMR is probably not the best method to investigate the evolution of the chemistry of these
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materials during their cycling. However, these features and specially the intense 7Li signal of NNT
after deintercalation of Li, indicates that these materials are heavily charged in lithium. NNT is
known to be a good ionic exchanger. [54] By soaking the NNT electrode in the lithium-rich
electrolyte, considerable Na+/Li+ exchange may have occurred in the NNT prior to the
electrochemistry. That would explain why 7Li NMR is not sensitive enough to highlight any
difference between the 3 electrochemical stages.
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Figure 5.8 7Li MAS NMR spectra of the cycled electrodes in Li half-cells discharged to 0.1V,
recharged to 1.5V and after 15 cycles at spinning speed of 35 kHz on a 7.1 T spectrometer.
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23

Na Static and MAS NMR spectra for the cycled electrodes in Li half-cells were collected.

As shown in the static spectra in Figure 5.9, a 23Na NMR signal is observed for all three samples.
After intercalation of Li - i.e. in the electrode discharged to 0.1V an additional signal is detected
far downfield (δ ~ 900 ppm). This signal is characteristic of metallic Na (Na0). Li+/Li and Na+/Na
are characterized by standard potentials of -3.04 V and -2.71 V, respectively. In the case of NNT
in a Li half-cell, when discharging the electrode to 0.1 V, the Na plating potential is reached, Na+
ions are reduced into metallic sodium, hence the detection of metallic sodium in the discharged
material. After the recharge to 1.5V (i.e. the reintercalation of cations), there is no more evidence
of the presence of metallic sodium which suggests that the metallic sodium was completely reoxidized. However, after 15 cycles, an intense signal of metallic sodium in present, indicating an
accumulation of metallic Na during the successive cycles.
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Figure 5.9 23Na NMR spectra (static) of the cycled electrodes in Li half-cells discharged to 0.1V,
recharged to 1.5V and after 15 cycles on a 7.1 T spectrometer.
The 23Na MAS NMR spectra 35 kHz of the 3 cycled electrodes in Li half-cells are shown
in Figure 5.10. The spectrum of the pristine material is also shown for a more convenient
comparison. All the spectra display huge differences.
The spectrum of the electrode after intercalation shows 3 new peaks corresponding to three
new different chemical environments for Na+ in the electrode (in comparison with pristine
material). This feature indicates that ionic Na+ were intercalated during this stage, which implies
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the presence of Na+ ions in the electrolytes and supports a Na/Li exchange before the
electrochemistry. After deintercalation, these new signals are less intense, which would mean that
the corresponding Na+ species were preferentially deintercalated. As in the case of metallic
sodium, the spectrum of the 15-times cycled electrode indicates an accumulation of the new ionic
species during the successive cycles.

Figure 5.10 23Na NMR spectra of the cycled electrodes in Li half-cells discharged to 0.1V,
recharged to 1.5V and after 15 cycles and pristine compound at spinning speed of 35 kHz on a
7.1 T spectrometer.
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The 23Na MAS NMR spectra at 35 kHz of the 3 cycled electrodes in Na half-cells are shown
with the pristine material in Figure 5.11. In comparison with the pristine compound all three
spectra of cycled electrodes show changes of the chemical environments for Na+ in the electrodes.
After electrochemistry, the new peak can be observed around 0 ppm for all three cycled spectra.
This peak and the shape of the spectra resembled the Na NMR data collected for dehydrated NNT.
The second sharp peak around - 20 ppm corresponds to the ionic sodium that we already observed
for previous cycled NNT compounds (Figure 5.10). One will also notice the absence in 5-20 ppm
range of the two other Na signals that were observed in Li half-cell cycled materials.

Figure 5.11 23Na NMR spectra of the cycled electrodes in Na half-cells discharged to 0.1V,
recharged to 1.5V and after 15 cycles and pristine compound at spinning speed of 35 kHz on a
7.1 T spectrometer.
110

Nuclear Magnetic Resonance Studies on Lithium and Sodium Electrode Materials
for Rechargeable Batteries

5.4 Conclusion
Solid State NMR brings a new insight of the chemistry and better understanding of the
properties of the NNT-based materials.
The anhydrous and hydrated phases of NNT have been studied by 23Na MAS NMR with
three different magnetic fields. The NMR spectra of hydrated NNT have lineshapes and chemical
shifts which are partially averaged by the sodium mobility and thus complicating the evaluation of
quadrupolar interaction parameters. On the contrary, the dehydrated compound has better defined
second-order quadrupolar broadening of the central transition. The quadrupolar coupling constant
found to be 2.9 MHz with asymmetry parameter ηQ = 0.
Proton MAS NMR spectra of as-made NNT and dehydrated NNT materials give direct
representation of the interlayer water molecules in the material. It was shown that after the
temperature treatment, the proton signals drop significantly and represent the residual interlayer
protons.
Li and Na MAS NMR studies were performed on the electrode materials containing asmade NNT in Na and Li half-cells. 7Li MAS NMR spectra of the cycled electrodes in Li half-cells
show strong Li signals for all three samples and after cycling, slight differences between Li
environments can be observed. 7Li signal of NNT indicates that these cycled materials are heavily
charged in lithium but Li NMR is not sensitive enough to highlight any difference between the 3
electrochemical stages. We suspect a Li/Na exchange between the electrolyte and NNT to occur in
solution before any electrochemistry has occurred.
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23

Na NMR displayed for some samples the signal characteristic of metallic sodium,

confirming that the sodium plating potential was reached during discharge. Although metallic
sodium was re-oxidized during recharge, after 15 cycles, it accumulated in the electrode. This
finding has relevance to safety concerns if this material is to be used in rechargeable batteries.
The 23Na MAS NMR spectra of the electrode in Li half-cell after intercalation indicates 3
new peaks that correspond to three new different chemical environments for Na+, that were not
present in the pristine compound. This suggests the presence of Na+ ions in the electrolytes and
supports a Na/Li exchange before the electrochemistry was performed. After deintercalation, the
intensity of these signals decrease, probably due to deintercalation of Na ions.
In the Na half-cells we also observe the modification of the Na environment in the cycled
electrodes at the different electrochemical stages. The NMR spectra for Na half-cell show some
similarities with previous measurement of the Li NNT materials, for example the accumulation of
the ionic sodium. However there are some differences in Na environments between these half cells,
showing that the nature of the alkali have different impact on the structure of the NNT compounds.
To complete the picture of the NNT materials it would be interesting to check the evolution
of the Li and Na NMR spectra on electrodes containing dehydrated NNT in Na and Li half-cells.
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